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.  RESPONSE  TO  QUESTIONNAIRE 


The  following  is  an  abridged  collection  of  comments  made  by 
attendees  of  the  conference.  Only  25  percent  of  the  attendees  responded 
by  completing  the  written  questionnaires  and  thus  the  opinions  expressed 
were  not  necessarily  those  of  the  majority.  Be  that  as  it  may,  some 
of  the  more  interesting  comments,  both  pro  and  con,  are  included  here 
as  follows: 

Materials  people  did  too  much  listening,  not  enough  talking. 

Some  people  did  not  care  for  the  display  of  equipment  by  indi¬ 
viduals  of  several  companies.  They  felt  it  was  commercial  and  should  . 
not  have  been  permitted.  Others  felt  that  these  displays  were  construc¬ 
tive  and  served  some  useful  purpose  in  a  non- commercial  vein. 

One  person  felt  that  one  paper  on  the  Fokker  Bond  Tester  was 
enough,  instead  of  the  four  that  were  presented.  It  should  be  noted, 
however,  that  each  paper  was  quite  different  in  content  though  dealing 
gererally  with  an  identical  subject  technique. 

It  was  suggested  that  there  be  a  session  entitled  "A /Other 
Discipline(s)  Look(s)  at  NDT", 

An  attempt  should  be  made  to  interrelate  with  ASTM  Committee 

D-5. 


The  methodical  adherence  to  schedule  was  appreciated  and 
novel  to  other  conferences  attended. 

Show  movies  when  available. 

Emphasize  more  NDT  in  terms  of  performance  properties.  Less 
emphasis  on  flaws  and  defects  unless  defined  in  terms  of  performance. 

Perhaps  a  few  papers  by  designers  with  respect  to  NDT. 

Fewer  talks  about  off-the-shelf  instruments. 

More  panel  discussion,  please,  especially  for  the  speakers. 

Many  of  them  don't  see  the  woods  for  the  trees  in  front  of  them. 

We  needed  some  comments  on  what  makes  a  strong  or  a  weak 
adhesive  bond. 


Speakers  should  state  both  the  advantage  and  limitations  of  the 
techniques  they  discuss.  Other  factors  to  be  discussed  should  include 

1.  Suitability  for  production 

2.  Suitability  for  complex  as  well  as  simple  shapes 

3.  Cost  of  equipment  and  time  rrquired  to  train  operators  to 
handle  it  properly 

4.  General  availability  of  equipment 

Suggestion  for  a  paper:  "Laboratory  vs.  Service  and  Relation 
of  NDT  Evaluation"  (Technical  Paper) 

There  is  often  a  lot  of  duplication  of  effort  in  research.  It 
should  be  coordinated  to  eliminate  this  problem. 


-  -  ■  - _J— 


SltSlIElC  iiPPLICATIOKS  FCR  RRP 
by  Vm»  C.  Riley 

Director,  Materials  Sciences  Laboratory 
Aerospace  Corporation 


Is  there  a  need  for  IDXI?  of  plastic  and  conq^site  struct\ui«s? 

From  the  systems  point  of  view,  the  need  is  not  for  MDI,  but  rather 
for  nondestructive  evaluation  (NDE).  The  distinction  between  NRP  and 
NDE  is  of  extreme  importance.  Evaluation  inqplles  that  a  correlation 
has  heen  made  between  those  x>araiiaete]rs  that  can  he  determined  by  NDT 
and  the  perfoiTnance  of  the  component  in  the  environment  of  the  system. 
Further,  it  is  the  lack  of  convincing  correlations  that  deters  the  use 
of  NDT  in  some  systems. 

Ry  way  of  illustration,  consider  some  of  the  problems  encountered 
in  utilizing  lOTT  in  launch  vehicle,  satellite,  and  reentry  systems.  In 
each  example,  the  effect  of  the  lack  of  such  correlations  will  bebbvl-* 
ous.  Also,  suggestions  will  be  made  for  promoting  more  effective  utlllza 
tion  of  NDT  in  future  systems.  Security  classification  and  proprietary 
rights  preclude  reference  to  specific  systems, 

3h  recent  years,  systems  engineers  have  often  been  critized  by  the 
R8S)  community  for  not  taking  advantage  of  the  more  sophisticated  RDT 
techniques  that  are  available.  I  believe  that  the  major  barrier  to 
utilizing  these  techniques  is  the  fact  that  the  systems  engineer  is  not 
convinced  that  the  correlation  between  the  results  from  advanced  HDT  tech 
niques  and  the  component  perfozmance  in  the  system  environment,  is  an 
adequate  basis  for  acceptance  or  rejection  of  conqponents.  Ih  short,  he 
doesn't  believe  that  HUE  has  been  established.  He  is  perfectly  willing 
to  buy  improved  reliability,  but  he  sinqjly  isn't  sure  he's  getting  it 
from  HDT. 


I 


Part  of  the  problem  is  that  the  xisefulx^ss  of  ISTO  frequezxtly  muBt 
be  established  durlag  the  course  of  system  design  or  vhile  the  feasibility 
of  the  system  is  being  established.  Each  system  has  some  coxiditions 
unique  unto  itself,  to  vhich  the  structures  and  materials  will  be  8ub.}ected. 
Pj^giuently  these  conditions  are  not  clearly  dellneai.ed  until  the  system  is 
veil  into  the  development  phase.  This  is  particularly  true  of  mechanical 
stress  and  tenq^erature  oondltloxis  that  can  vary  vldely  depending  on  the 
particular  misslonfi  to  be  flovn*  As  a  consequence,  timing  planning 
are  extremely  critical  and  limiting  factors  in  establishing  appropriate 
SDT  methods  and  the  necessary  correlation  vlth  performance. 

Another  major  constraint  is  the  system  design.  If,  for  example, 
veic^  is  critical,  then  structural  members  may  be  designed  vith  very 
limited  safety  margins .  Thus,  nondestructive  evaluation  must  be  geared 
to  both  the  particular  conditions  -Qxat  the  component  must  vlthstand  in 
service  and  constraints  ia^sed  by  the  design. 

Other  factors  deterring  rctlllzation  of  NET  may  be  financial  or 
psychological  in  nature.  To  obtain  a  good  correlation  betveen  ISDDT  re» 
suits  and  performance  of  a  component  in  a  simulated  environment,  it  may 
be  necessary  to  test  hardware  with  a  broad  raxige  of  defects.  Convincing 
a  systems  engineer  or  program  manager  that  a  large  number  of  components 
are  to  be  constructed  and  tested  to  failure  my  be  a  major  task  in  itself. 
Nonetheless,  more  often  than  not,  there  is  no  other  way  to  adequately 
establish  NOB. 

Ih  this  regard,  there  is  an  ever  increasing  emphasis  on  "cost 
effectiveness  vithout  sacrifice  of  reliability,"  particularly  in  advanced 
aerospcuse  systems.  Nhen  Interpreted  relative  to  NET,  this  means  that  it 
is  not  feasible  to  eliminate  1000  expensive  conqponents  of  a  given  type 
when  only  one  of  these  mieht  fail  in  the  system  envixonoaoent.  Ultimately,  the 
cost  of  rejecting  conqponents  that  would  perform  satisfactorily,  and  in  some 
cases  the  time  lost  in  replacing  them,  must  be  balanced  against  the  cost  of 
optimizing  the  correlation  betveen  NET  observations  and  perfoxmance  in  the 
simulated  service  environment. 


An  extreme  example  of  the  prohleas  In  applying  HOT  is  in  the 
ballistic  reentry  systems,  TAiexe  plastic  conqposites  are  required  for 
thermal  protection.  Probably  a»re  plastic  coaq^iosite  materials  have  been 
tised  in  these  systems  than  in  any  other  class  of  systems.  For  some  ballistic 
trajectories,  the  conditions  encountered  in  fli^  cannot  be  reproduced  in 
ground  testing.  Both  the  enthalpy  and  the  heating  rate  can  be  achieved  in 
different  facilities,  but  the  synergistic  effects  cannot  be  found  in  any 
grotuad  test  presently  available.  Thus,  ej5>en8ive  flight  tests  would  be 
required  to  obtain  an  exact  correlation  between  the  defects  measurable 
ly  HOT  and  the  performance  of  the  system  or  coiqponent.  HOT  has  been  used 
to  discover  ci-acks,  gross  delaminations,  and  voids  in  reentry  system  com¬ 
ponents.  However,  use  of  this  information  seems  to  be  largely  a  matter 
of  Judgement.  For  exanqple,  in  a  given  cooqponent,  the  detection  of  delamina- 
tlons  in  one  production  unit  may  not  in  Itself  indicate  an  incipient  failure; 
but  it  does  mean  that  the  processing  conditions  for  this  particulcu  unit 
were  out  of  control  and  not  as  specified.  Jh  the  delaminated  cos^nent, 
Isqxsrtant  properties  not  measured  by  HOT  may  be  adversely  affected.  Jbr 
this  reason,  the  component  may  be  rejected. 

The  Inqpact  of  HOT  or  lack  thereof  on  materials  selection  for  laiaxch 
vehicle  systems  can  be  Illustrated  by  a  problem  in  a  payload  protection 
fairing.  Originally,  wel^  considerations  indicated  the  use  of  a  reln- 
forced-plastlc  adhesive-bonded  honeycomb  sandwich  structure.  However, 
numerous  structural  problems  were  encountered  leading  to  a  review  of  the 
quality  control  procedtires;  this  revealed  that  the  soundness  of  the  adhe¬ 
sive  bond  was  determined  by  nothing  more  than  "coin  tapping"  and  an  educated 
ear.  Ultimately,  program  meuagement  decided  to  make  a  change  ai^  the  plastic 
fairing  was  replaced  by  an  aluminum  alloy  construction,  Ibe  major  reason  for 
this  change-over  was  the  inadequacy  of  the  HOT  technique,  ISie  cost  of  this 
change  was  hie^,  not  only  in  dollars,  but  through  time  delays  in  suibeequent 
launches.  !Ihe  change-over  probably  could  have  been  averted  had  the  need 
for  more  so^diisticated  HOT  of  the  plastic  conqiosite  been  foreseen  at  the 
time  the  original  design  was  initiated.  iQiis  Illustrates  an  isqortant 


point  relative  to  the  use  of  reinforced  plasties  and  conposites  in 
aerospace  systems.  To  dote,  design  and  systems  engineers  are  inclined  to 
have  a  great  deal  more  confidence  in  metals.  2h  fact,  at  the  tine  of  the 
substitution  of  aluminum  for  the  fairing,  one  of  the  cognizant  systems 
people  stated:  "We  have  had  nothing  but  trouble  with  plastics  and  cobh 
posltesj"  and  piously,  added:  "The  Good  lord  gave  us  metals  to  use  in 
structures."  I  believe  that  before  we  see  general  usage  of  plastic  com* 
poslte  materials  in  advanced  systems,  we  will  have  to  show  design  and 
systems  engineers  that  HOT  techniques  aire  available  and  can  be  readily 
adapted  to  the  particular  nondestructive  evaluation  needs  of  their  system. 

A  more  hopeful  note  ...  A  milestone  in  the  use  of  plastic  conposites 
in  satellite  systems  was  attained  recently  when  a  defense  satellite  was 
laundMd  with  an  adhesive-bonded  reinforced-plastic  honeycomb  sandwich 
construction  as  a  primary  load-carrying  structure,  mis  structure  also 
served  to  mount  the  solar  cells  necessary  for  powering  electronic  equip¬ 
ment  vhen  In  orbit.  In  particular,  the  aft  solar  panel  structure  was 
required  to  stqpport  the  full  launch  loadings  for  the  entire  satellite. 
Failure  of  this  structure  would  cause  loss  of  the  entire  satellite  and 
the  mission.  This  was  the  first  satellite  system  of  the  GSAP  Space  and 
Missile  Systems  Organization,  to  use  reinforced  plasties  as  major  struc¬ 
tural  menibers. 

There  was  deep  concern  about  this  concept.  Ih  the  interest  of 
wei(^t  savings,  the  structure  had  to  be  designed  with  a  minimum  of  redun¬ 
dancy  and  quite  limited  safety  margins .  But  even  more  serious  —  the  only 
IIDT  inspection  was  vlsital  examination  and  limited  "coin  tepping." 

Here  is  aipther  instance  in  which,  because  of  short  plazmlng  and  schedul¬ 
ing  time,  there  had  been  no  adaptation  of  the  more  so]^l8ticated  BST 
techniques  to  the  particialar  nee^  of  this  system.  Honetheless,  the 
launch  was  successful  and  the  pez1;icular  contractor  involved  plaxis  to  use 
a  similar  type  of  structxural  member  on  other  satellite  systems  that  are 
now  in  the  systems  design  and  fanning  stage.  To  his  great  credit,  he 
is  continuing  studies  to  adept  more  sophisticated  SET  to  the  evaluation 
of  structural  reinforced  plastics. 


How  can  we  aore  effectively  utilize  HIXT  in  future  systems?  First, 

I  think  it  goes  without  saying  that  additional  funds  are  needed  for  re- 
seardi  and  development  on  NOT  methods.  Indeed,  from  tdiat  I  have  seen, 
this  appears  to  he  coming  about.  There  remaixis  the  basic  question, 
of  cotu^e,  whether  or  not  the  funding  is  coaoensurate  with  the  future 
requirements  for  5DT.  For  some  tine  now,  the  Materials  Mvlsory  Boeu;d 
has  had  a  coonlttee  consisting  of  some  of  the  outstanding  scientific 
and  engineering  personnel  in  the  field  making  an  in-depth  study  of  this 
very  vital  question.  Their  recomsendatlons,  which  will  he  published  soon, 
probably  will  have  a  strong  effect  on  future  funding  levels.  Secondly, 
as  the  new  advanced  systems  come  to  the  proposal  stage,  the  potential 
contractors  should  be  required  to  present  in  their  proposals,  criteria 
for  hardware  acceptance  with  en^iasls  on  HDT.  In  fact,  the  respoiwe 
to  this  question  ml^it  well  be  one  of  the  evaluation  criteria  upon  which 
contractor  selection  is  based.  Requirements  for  nondestructive  evalua¬ 
tion,  specified  in  the  REP,  should  be  particularly  effective  in  stimula¬ 
ting  appropriate  contractor  activities.  Thirdly,  as  Indicated  above, 
funds  must  be  appropriated  within  the  system  contracts  for  adaptation 
of  available  HOT  te<dmlques  to  hardware  evalxiatlon,  taking  into  account 
conditions  unique  to  that  system  and  the  partictilar  con^nent  design. 

In  this  regard,  RDT  most  be  coupled  with  the  design,  and  should  Influence 
but  not  compromise  it. 

Finally,  as  outstanding  work  in  the  adaptation  of  BET  to  systems* 
prohlems  is  accosqpllshed,  it  is  important  that  this  information  be  brou^^ 
to  the  attention  of  system  designers  and  systems  engineers.  Failtxres  are 
always  publicized;  successes  seldom  are.  Syn^sia  azid  conferences  on  BET 
can  be  a  vital  part  of  this  educational  process.  I  only  hope  that  design 
personnel  and  systems  decision-mskers  will  be  present  at  such  meetings 
and  thus  become  directly  aware  of  the  lnqpact  this  tedmology  can  make  on 
the  capability  and  reliability  of  future  systems. 
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The  ancient  Britons  put  straw  into  the  Bud  vails  of  their  vattle 
huts  to  keep  out  the  wolves.  Ve  keep  the  wolves  out  of  plastics  ^ 
reinforcixig  the  plastic  with  filaiaents.  The  rapid  rise  of  out^nit  of 
these  oaterials  is  quite  staggering.  In  I967I  it  was  predicted  that  « 
hjr  1975  a  production  of  86O  MUion  pounds  would  be  reached.  Recently 
the  SPl  reported  tdie  shiiaaents  for  I968  as  7^  Billion  potmds  aM  fore¬ 
casts  aliQost  a  billion  jwunds  for  19^.  The  aerospace  industry  uses 
about  8^  of  all  reinforced  plastic,  the  major  share,  accounting  for  about 
25?  of  the  total  is  used  by  the  marine  indtxstry. 

In  addition  to  plastic  coaqwsites  reinforced  with  filaments,  a  wiiole 
host  of  other  conpoaites  is  available.  Best  known  is  probably  the  rubber 
filament  c(m;>osite  used  to  drive  automobiles  on.  Reliability  here  is 
achieved  by  maniafacturing  practice  iaq>rovement3  following  field  tests  and 
the  comson  nondestructive  test  applied  by  the  user  seems  to  be  a  kick  with 
the  boot.  However,  the  inspection  of  aircraft  tires  has  received  con¬ 
siderably  more  attention.  Metal  matrix  coaposites  are  well  into  the 
prototype  stage,  both  as  material  for  structural  mesbers  and  for  engine 
parts.  Finally,  ceramic  matrix  composites  have  entered  the  experimental 
stage.  In  all  cases  of  cosposites,  reinforcement  can  be  affected  by 
parallel  filaments,  two  or  three  dimensionally  woven  filaments  and  short 
fibers  or  whiskers  and  flakes. 

It  is  the  aerospace  usage  of  this  deluge  of  plastic  matrix  composites 
which  concerns  us  here.  Aerospace  parts  are  characterized  by  the  fact 
that  they  generally  have  to  act  as  load  carrying  members  -  in  addition  to 
any  other  functions  -  and  that  they  have  to  cany  those  loads  with  a  much 
higher  reliability  than  is  required  ly  other  industries.  Now,  there  are 
two  spproaches  b7  which  we  can  use  NDT  methods  to  give  us  the  required 
reliability  assurance.  Either  we  can  use  NOT  methods  to  determine  local 
defects  or  isperfections  deviating  from  a  standard  known  to  have  acceptable 
properties  and  then  correlate  those  deviations  i^th  changes  in  properties, 
or  we  can  measure  deviations  from  desired  properties  directly.  In  the  case 
of  homogeneous  materials,  the  effects  of  local  defects  or  imperfections  are, 
relatively  speaking,  reasonably  well  understood.  There  the  inspector  hound¬ 
ing  his  holes  or  cracks  has  a  well  established  xiiche.  However,  in  the  case 
of  composites,  the  bounder  of  holes  is  on  much  less  sure  ground.  The 
reason  is  that  the  effect  of  holes,  of  voids,  of  debonds  and  cracks,  is 
so  much  less  understood  in  the  cosplex  micromechanics  of  a  composite 
material  than  in  homogeneous  materisls.  A  further  reason  is  the  fact  that 
plastics  are  relatively  unstable  materials.  A  cooposite  structure  may  be 
perfect  when  it  leaves  the  shop,  but  will  it  be  perfect  aifter  5  years 
service?  More  isportant,  will  it  then  have  the  same  properties  which  the 
designer  expected  and  the  inspector  checked?  The  need  for  HOT  methods 
relating  to  properties  rather  Iban  defects  or  imperfections  is  therefore 
such  more  acrte  in  the  case  of  composites  than  in  the  case  of  homogeneous 
materials.  It  is  most  gratifying  that  this  need  appears  to  have  been 
recognized  by  a  ouch  wider  range  of  speakers  here  than  is  usually  the  case 
in  NDT  Symposia. 
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To  give  a  state-of-the-art  review  just  prior  to  such  a  cooferenoe  is 
just  asking  for  trouble.  Because,  generally,  what  we  read  is  an  account 
published  six  months  ago  of  results  obtained  1-1/2  years  ago  by  candying 
out  experiments  conceived  four  years  ago.  And  this  is  an  optimistic  view. 
This  conference  will  describe  the  atate-of-the-artl  What  I  shall  try  is 
to  identify  the  different  NDT  approaches  in  their  relation  to  the  material 
with  the  intention  of  helping  assess  their  relative  usefulness  and,  hope- 
folly,  stimiiLate  further  and  new  developments. 

Let  us  first  consider  some  properties  of  the  raw  materials  of  our 
plastic  con^josites.  The  plastic  is  the  result  of  a  polymerisation 
reaction,  which  is  not  necessarily  finished  with  the  process  cure.  The 
reaction  is  affected  by  environmental  factors,  such  as  moisture  and 
ten^jerature,  and  can  therefore  produce  a  variety  of  mechanical  «nd 
physiceil  properties.  However,  e  certain  property  value  is  not  always 
uniquely  connected  to  a  certain  stage  of  the  reaction.  Let  me  give  you 
some  examples  of  these  reaction/effect  interactions.  Figiure  1  is  the 
change  of  electric  resistivity  of  an  epoxy  with  time  at  different  tempera¬ 
tures  3  and  figure  2  shows  the  changes  in  the  dissipation  factor  over  a 
longer  time  range. ^  Both  graphs  indicate  that  if  we  wish  to  utilize 
electric  conductivity  or  dissipation  factor  measiirements  as  a  nondestruc¬ 
tive  measure  of  the  cure  state,  both  the  exact  material  and  the  cure  time 
and  tenperature  will  have  to  be  standardized.  Polymerization  is  affected 
by  radiation,  although,  as  figure  3  shows,  radiation  exposures  of  about 
10°  -  10°  roentgens  are  required  for  sizeabD.e  effect. 5  Now,  for  instance, 
a  1  curie  source  of  cobalt  60  produces  a  radiation  exposure  of  .I36  x  105 
roentgens  at  a  distance  of  one  centimeter.  Cobalt  60  of  course  produces 
hard  -radiation  in  the  MeV  range,  whereas  the  soft  radiation  from  smaller 
industrial  X-ray  units  is  absorbed  much  more  rapidly  in  air.  However,  the 
r  example  indicates  the  need  for  considering  the  actual  intensity  at  the 

I  specimen  in  the  -case  of  radiography, 

I  Radiography  has  been  applied  widely  to  che  inspection  of  composites. 

In  the  case  of  boron  filaments,  single  filaments  even  in  multilayer  com- 
}  posites  can  generally  be  observed  under  routine  conditions.  Even  higher 

I  resolution  can  be  obtained  using  microradiographic  or  neutron  readiographic 

I  techniques.  The  reason  is  the  high  opacity  of  the  tungsten  core  of  boron 

I  to  X-rays  or  of  the  boron  itself  to  neutrons,  as  compared  to  the  opacity  of 

I  the  matrix.  Now,  in  the  case  of  plastic/glass  filament  or  plastic/carbon 

filament  the  differences  in  opacity,  i.e.  the  differences  in  the  attenua¬ 
tion  coefficients,  of  the  constituents  is  very  much  less.  Nevertheless, 
i  the  numerous  radiographs  made  of  such  jaaterials  indicate  relatively  gross 

f  imperfections  in  filament  alignment,  as  well  as  other  imperfections  such 

I  as  voids.  Investigators  generally  report  that  the  lower  the  radiation 

k  energy,  the  better  the  result.  Naturally,  we  wish  to  optimize  radiography 

c  parameters  in  order  to  obtain  the  maxiBsum  resolutions  of  either  filament 

I  or  of  voids.  The  ratio  of  the  incident  intensity  Iq  to  the  transmitted 


intensity  given  by 


Id/lo  =  -exp(  ^  p6  ) 


where  is  the  mass  attenuation  coefficient,  P  the  density  and  d 
the  thickness  penetrated,-  For  a  three  component  system,  the  total  mass 
attenuation  coefficient  bioys  is  given  by 
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where  the  subscripts  m,  f  and  a  refer  to  the  matrix  material,  the  filament 
material  and  to  the  gas  filling  the  voids. 

As  a  first  approximation,  we  can  equate  the  thicknesses  with  the 
volume  fractions  of  the  three  components.  Now,  if  we  knew  the  mass  attenu¬ 
ation  coefficients,  which  are  a  fianction  of  the  radiation  energy,  optimum 
parameters  can  be  selected.  Figure  4  shows  mass  attenuation  coefficients 
for  air  and  carbon, 6  together  with  mass  attenuation  coefficients  for  some 
plastic  polymers  calculated  from  their  stochiometric  coiiQ)osition.  The 
value  marked  X  has  been  obtained  by  calculation  from  more  general  data 
given  by  Zurbrick  7  for  a  6^%  glass  filament  plastic  conqjosite.  The  values 
calculated  for  epoxy  and  polyimides  are  so  close  as  to  fall  in  a  single 
curve.  Contrast  depends  on  the  difference  in  mass  attenuation  coefficients 
and  these  differences  for  various  con^osite  combinations  have  been  plotted 
in  figure  5*  Bearing  in  mind  the  logarithmic  relationship  between  the  mass 
attenuation  coefficient  and  the  incident  and  transmitted  intensity,  a 
difference  in  the  mass  attenuation  coefficient  of  0.1  indicates  an  absorp¬ 
tion  of  about  10^  for  unit  density  and  thickness.  Figure  5  shows,  that  up 
to  about  40  keV  reasonable  contrasts  can  be  obtained  between  silica  fila¬ 
ments  or  air  bubbles  and  plastics.  However,  the  position  is  going  to  be 
more  critical  when  the  newly  developed  carbon  filaments  will  come  into  use. 
Here  much  lower  X-ray  energies  will  have  to  be  employed  if  reasonable 
contrast  is  the  goal  of  radiography,  iidmittedly,  the  above  two  figures 
make  two  assun5)tions:  that  thickness  effects  of  the  various  phases  is  equal 
to  their  volume  fraction  and  that  mass  attenuation  coefficients  are  addi¬ 
tive  for  low  energies.  The  validity  of  these  assiai?)tions  will  have  to  be 
determinednexperimentally.  .An  interesting  approach  has  been  proposed  by 
Hagemaier,®  who  suggested  the  addition  of  opacifiers  to  the  plastic  matrix, 
such  as  antimony  trioxide,  which  do  not  seem  to  affect  the  mechanical 
properties. 
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In  the  case  of  filaaentS)  eitaminatlon  of  batches  have  shown  a  wide 
scatter  of  properties  such  as  the  fracture  strength^  prior  to  fabrica¬ 
tion.  Jn  plastic  co]l^>osite6j  relatively  little  process  or  service 
effects  have  been  observed  on  the  filament  strength^  but  we  are  all 
familiar  with  the  matri^filament  interaction  probleiu  in  metal  matrix 
coiii?>osites.  If  we  combine  this  strength  variation  with  the  observed 
variations  in  filament  packing  volume  over  smell  distances  and  local 
changes  in  the  matrix  behavior^  we  an?ive  at  the  everpresent  resolution 
problem.  What  is  the  smallest  unit  of  structure  area  or  valuM  which  our 
NDT  method  has  to  resolve?  The  obvious  answer ^  that  this  unit  sboiild  be 
the  smallest  area  or  volume^  which^  if  is^rfect^  would  jeopardize  the 
ability  of  the  entire  structure  to  fulfil  its  mission.  Simple  as  that 
answer  is,  in  practice  it  is  very  rarely  obtained.  The  reasons  seem  tc 
be  principally  our  basic  lack  of  knowledge  of  material  behavior  around 
laperfections,  particularly  in  conposites  and  the  fact  that  the  effect 
of  inperf actions  is  not  only  a  function  of  the  material,  but  also  of  its 
application,  including  its  macro  and  micro  stress  state  within  the 
str)*.cture.  Of  the  two  approaches  available  to  provide  an  answer,  the 
enpirical  approach  may  yield  a  restUt  for  a  single  type  of  structure, 
material  and  application,  which  can  rarely  be  extrapolated.  The  other 
approach,  a  systematic  analysis  is  in  the  case  of  composites,  usually 
very  cooplex. 

By  way  of  exanple,  let  us  consider  the  problem  of  broken  filaments. 

Hedgepeth, 9  aasisning  a  conposite  model  where  parallel  filaments,  arranged 
in  a  single  layer,  carry  all  the  tensile  load  and  the  matrix  serves  only 
to  transmit  shear,  has  calculated  both  the  static  stress  concentration 

factor  and  the  dynaradc  response  factor  when  1,  2,  3 . adjacent  filament- 

break.  His  analytical  results  are  shown  in  figure  6.  Tha  dynamic  response 
factor  which  is  the  ratio  between  the  TnayiniTm  stress  after  sudden  fracture 
to  static  stress  of  a  given  number  of  filaments,  has  a  limit  value  of  1.27. 

However,  the  static  stress  Increases  locally  more  i^apidly  as  increasing 
nunbers  of  filaments  break.  In  the  Hedgepeth  composite  a  single  broken  J 

filament  would  increase  the  stress  on  its  neighbor  b7  33/®,  leaving  that  ! 

filament  in  effect  with  a  load  carrying  capacity  of  only  75^  original  * 

strength.  If  the  overall  loads  on  the  composite  never  exceed  that  75/^ 
limit,  no  further  damage  is  done.  However,  if  that  7556  load  is  exceeded, 
the  next  filament  snaps,  which  not  only  increases  the  stress  concentration  \ 

on  the  third  filament  etatically,  but  also  dynamically.  That  third  fila-  J 

ment  under  these  conditions  can  carry  only  1/(1. 6  x  1.15)  =  *5^  J'r  54^  its 
original  load.  The  crack  is  thiw  progressive. 

In  real  conqposites,  several  factors  reduce  this  effect.  The  first  is 
the  limited  shear  strength  of  the  matrix  and  the  second  the  fact  that  fila¬ 
ments  are  not  arrayed  in  a  single  layer,  but  are  closely  packed.  Tjje 

increased  stress  due  to  a  single  filcanent  failing  is  thus  tsken  up  by,  ^ 

ideally  six  neighbozis  and  is  in  any  case  limited  by  the  shear  strength  of 
the  plastic.  Fiirthermore,  plastic  coi!Qx>site  struct’jres  generally  use  | 
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preiiqpregnated  bundles  of  filaments  in  their  fabrication.  No  analysis  in¬ 
volving  these  factors  appears  to  have  been  carried  out.  Howevar>  such  an 
analysis  voiald  give  us  some  idea  of  the  number  of  neighboring  filament 
breaks  which  are  critical  for  any  given  conqjosite.  That  some  process  of 
the  type  given  Ifedgapeth  occurs  in  practice  seems  indicated  by  the 
general  Qj-/erience  that  coii?>osites  with  about  50^  filaments  with  a  nominal 
strength  of  400,000  psi  or  better  fail  at  about  190,000  psi. 

Sven  less  is  known  about  the  effects  of  delaminations  on  properties. 
Here,  too,  the  effects  are  as  much  a  function  of  the  location  of  the 
deiamination  within  the  stress  pattern  of  the  structure  as  of  its  size. 
Present  QC  requirements  for  "a  structxffe  substantially  free  from  delamina¬ 
tions"  may  catise  overinspection  in  some  cases  and  3ret  miss  important  stress 
cor.contrating  delaminations  in  others,  because  the  minimum  limit  of  detecta¬ 
ble  delajod-nation  is  somewhere  around  1/4  inch,  though  smaller  delaminations 
can  be  detected  with  dye  penetrants,  if  these  delaminations  intersect  the 
surface. 

Some  idea  of  the  iaqportance  of  delaminations  can  be  obtained  from  a 
siaqile  elastic  analysis  of  a  basic  structure  such  as  a  beam,  as  shown  in 
figure  7.  Consider  the  beam  made  up  of  elements  of  reinforced  plastic,  as 
sl:own,  with  a  deiamination  at  level  x«  At  the  vertical  cross  section 
through  the  beam  at  the  affected  zone  we  have  in  fact  two  beams,  one  with 
depth  'X*  and  mother  with  depth  »(d-x)*.  The  section  modulus  of  the  beam 
without  the  deiamination  is  db2/6.  The  section  modulus  of  the  beam  with 
the  deiamination  is 

bd^/6-  bx(  d  -  X  )  /3 


The  modulus  of  the  damaged  section  is  symmetrical  about  the  center  plane 
and  a  nwyt^mitn  if  the  deiamination  is  at  this  plane.  That  maximum  modulus 
at  X  =  d/2  is  bd2/l2  or  ode  half  the  undamaged  modulus.  If  the  deiamina¬ 
tion  occijrs  near  the  upper  or  lower  surface  its  effect  is  much  less.  The 
total  effect  on  the  load  carrying  ability  of  the  beam  will  depend  on  the 
position  of  the  deiamination  along  the  length  of  the  beam  i.e.  its  posi¬ 
tion  respective  to  the  bending  moxorats.  In  the  cantilever  beam  shown  a 
deiamination  at  the  point  of  -support  in  the  center  of  the  beam  would  halve 
the  load  carrying  ability  of  the  structure,  A  deiamination  at  the  free 
end,  of  course,  is  imuaterisl. 

Those  two  examples  indicate  the  con5)lexity  of  defect  characterization 
in  teias  of  properties,  oo  let’s  measure  properties  directly.  There  are 
two  types  of  properties  which  we  shall  consider  here.  One  is  the  actual 
strength  of  a  coiqposite,  the  other  a  service  modulus,  which  may  or  may 
not  be  the  elastic  modulus.  In  the  case  of  metals,  there  is  no  relation 
between  these  two  types  of  properties.  However,  in  the  case  of  plastics 
the  degree  of  cross  linkage  and  chain  lengths  appears  to  affect  both 
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inodulus  and  strength.  An  exa]q>le  of  this  relationship  vlll  be  given 
later  dinging  this  conference  by  Hr.  Hoore.  However,  in  a  cooqposite  the 
properties  of  the  plastic  matrix  affect  the  properties  of  the  cosqposlte 
to  an  approximate  proportionate  extent  only,  sc  that,  generally,  laodulus 
measurenents  in  a  cois^Mjslte  are  not  generally  indicative  of  strength. 

Two  approaches  have  been  found  successful  for  the  measurement  of 
elastic  modiill.  The  first  is  the  measurement  of  ultrasonic  velocity, 
which  has  to  be  corrected  for  density  variations,  at  least  in  plastic 
Batrix  coBpjsites.  As  figure  8  shows,  the  relationship  for  metal  matrix 
composites  appears  to  be  more  direct.  10  In  the  case  of  plastic  conposites, 
Zuibrick7  has  shown  good  correlation  of  modt0.u8  with  an  acoustic  velocity/ 
density  ratio.  The  other  approach  is  by  of-  vibrational  methods  of 

much  lower  frequency  and  measurement  of  peaks  and  shifts  of  peaks  indica¬ 
tive  of  resonant  frequencies.  This  fa^quency  is  a  function  of  both  the 
elastic  moduli  and  also  of  the  geometry,  so  that  fur  the  varying  geometry 
of  varj.ous  filament  densities,  for  instance,  a  correcting  factor  must  be 
introduced.  That  factor  could,  quite  conveniently,  be  the  density.  The 
measurement  of  resonant  frequency  in  variety  of  modes  for  the  measurement 
of  defects  and  disiensloral  geometry  has  been  worked  out  by  Draper^^ 
has  been  applied  to  the  inspection  of  complete  plastic  cosposlte  ftT^g^T^e 
shrouds. 

Vibrational  methods  depend  on  the  availability  of  a  wide  spectrum 
exciter  and  vibration  aeasuremont  device.  The  latter  is  less  of  a  prob¬ 
lem  than  the  first.  Capacitance  microphones,  optical  systems  and  pressure 
sensitive  transducers  as  well  as  more  sophisticated  methods  such  as  the 
use  of  the  Moesabauer  effect  or  holography  give  a  wide  range  of  amplitudes 
and  frequencies  which  can  he  scanned.  Directly  coupled  drives  such  as  tapping 
with  the  half  dollar  are  also  available  for  a  wide  range  of  frequencies  but 
generally  cosplicate  acewate  measurements.  Noncoupling  drivers  are  pre¬ 
ferred.  For  system  incorporating  a  metal,  eddy  current  drives  are  suitable, 
and  a  si:q>ersonic  nozzle  and  siren  arrangement  ha.s  been  checked  out  for  non- 
metals,  but  f\irther  development  is  required. 

The  development  of  direct  methods  for  the  determination  of  strength 
is  desirable  not  only  from  the  point  of  view  of  an  initial  inspection, 
but  also  beca\ise  of  the  intrinsically  tmstable  properties  of  plastics, 
particularly  under  the  influence  of  hi^  stresses  and  elevated  teiig>era- 
txires.  Long  term  effects  may  be  quite  pronounced.  Figure  9  shows  the 
effects  of  exposure  on  tensile  and  interlaminate  shear  streiigth  and  indi¬ 
cates  also  the  problem  of  extrapolating  from  one  property  measurement 
(here  the  tensile  strength)  to  anotber  apparently  simileu*  property  (here 
-^e  interlaminate  shear  strength). 
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Three  roads  to  strength  measurement  appear,  to  me,  to  be  open.  One 
is  the  determination  of,  filament  density  and  void  content,  vhich  for  a 
given  co]q>o8ite,  does  theoretically  correlate  with  strength.  A.  nui^r 
of  methods  and  combination  of  methods  have  been  shown  to  be  feasible  for 
these  measurements,  such  as  radlogre^hy,  microwaves,  or  ultrasonic 
velocity  measurement.  However,  coll^>rehensiV8  correlations  seem  to  be 
lacking.  Several  possible  explanations  for  this  lack  of  data  appear 
feasible.  For  one  as8uiq>tlon,  that  of  "a  given  coiq)osite'*.  In  practice 
involves  variables  rather  than  a  constant.  Another  explanation  is  that 
the  destructive  determination  of  cozQ»site  strength  is  not  without  prob¬ 
lems,  even  for  simple  shapes,  and  considerable  spread  of  resiilts  has 
been  obtained  for  allegedly  similar  conposite  specimens.  Then  there  is 
the  already  mentioned  resolution  problem:  was  the  nondestructively 
inspected  area  acttmdly  the  same  as  the  destructively  inspected  area? 

The  other  road  to  strength  detexnination  is  the  measurement  of 
damping.  Now,  the  damping  factor  is  the  ratio  of  the  energy  absorbed 
per  cycle  of  deformation  to  the  total  energy  input  per  cycle.  Attempts 
to  correlate  the  strength  of  plastic  composites  with  the  damping  or 
attenuation  of  ultrasound  were  reported  as  early  as  I96I  by  Hastings, 
LoPilato  and  Lynworth  12,  They  claim  a  correlation  to  within  about 
500  psi,  equivalent  to  about  15/6,  but  mention  one  of  the  jnajor  problems 
in  using  ultrasonic  attenuation  measurements:  that  of  coupling  between 
transducer  and  teat  part.  Generally,  that  coipling.has  to  be  of  a  far 
higher  stamdard  than  can  be  attained  under  industrial  conditions  to 
obtain  repeatable  and  reliable  results.  Damping  measurements  at  lower 
frequencies  of  vibration  seem  to  be  mure  promising.  .  Again,  if  we  knew 
mure  about  the  micromechanics  of  composites  we  could. select  optimum 
frequencies.  The  damping  coefficient  is  given  by  the  relationship 


where  W  is  the  frequency  and  and  T„  are  the  relaxation  times 

for  stress  at  constant  strain  and  for  strain  at  constant  stress  respective¬ 
ly.  The  equation  peaks  at  t^«  1  and  a  frequency  versus  loss  factor 
graph  indicates  a  numiber  of  cnaracxeristic  peaks,  which  can  be  associated 
with  specific  phenomena.  Some  of  those  peaks  have  been  empirically  de¬ 
termined  and  correlation  with  adhesive  strength  will  be  shown  later.  We 
are  presently  attempting  to  find  strength  related  frequency  peaks  for  m 
mietal  matrix  composites. 

\ 


. . . 


,  In  order  to  obtain  reliable  and  repeatable  resrilts  from  vibra¬ 
tional  methods  >  a  nuniber  of  factors  must  be  borne  in  mind  very  clearly. 
First,  resonant  frequencies  of  structiires  are  geometry  dependent,  which 
includes  any  claoping  or  constraints  on  the  structure.  Only  rarely  can 
such  clamping  be  assumed  to  be  rigid.  F\irthermore,  changes  in  section, 
faying  siirfaces  etc.  will  produce  changes  in  resonant  frequencies  also 
in  adjacent  parts  and  this  distance  effect  must  be  evaluated.  Second, 
the  fact  that  dsiiping  can  be  stress  dependent  must  be  considered.  If 
such  stress  dependency  exists  over  the  test  stress,  then  the  variation 
in  stress  over  'ttie  cross  section  under  test  loading  must  be  considered. 

For  instance  in  bending  this  stress  varies  from -a  maximum  tensile  stress 
to  zero  to  a  maximum  cospresslve  stress.  Correction  integrals  are  avail¬ 
able  from  most  -vibration  handbooks.  Third,  the  luiture  of  relaxation  tine 
must  be  understood.  Relaxation  time  can  be  related  to  an  activation 
energy  and  the  tenperature  by  an  e3q>onential  relationship.  The  activation 
ei^rgy  will  determine  the  relative  effects  of  tenperature  variations  on 
relaxation  time  and  hence  on  dasping.  This  energy  appears  to  vary  both 
for  the  type  of  plastic  and  also  its  cure  state. 

Finally,  a  measurement  of  the  plastic  related  part  of  the  conposite 
strength  mcy  be  obtained  by  measurement  of  chemical  bond  related  factors 
of  the  plastic.  Methods  stiidied  include  nuclear  magnetic  resonance.  ^3 
Both  studies  of  the  polymerization  process  and  studies  on  tracers  embedded 
in  the  plastic  have  been  carried  out.  Instrumentation  limitations  and 
lack  of  sensitivity  in  tracers  seem  to  limit  these  methods  at  present  to 
the  laboratory. 

The  real  advantage  of  property  related  IIDT  methods  over  defect 
related  HDT  methods  lies  in  the  fact  that  such  property  related  methods 
could  be  utilized  for  a  much  broader  field  than  the  inspection  of  products. 
Such  laethods  could  become  part  of  the  actual  production  cycle  and  be  used 
to  control  processing  parameters  to  fabricate  products  known  to  conform  to 
a  desired  standard.  Vibration  methods,  for  instance,  could  be  used  during 
the  cure  cycle  and  control  through  suitable  feedback  loops  to  actual  cure 
processing,  aapliiying  or  even,  evraitually,  replacing  parametric  control. 

We  have  been  dealing  here  with  the  interaction  of  two  areas,  both 
of  which  are  in  a  state  of  rapid  flxnc  and  growth:  composites  and  RET. 

It  is  therefore  not  surprising  that  the  above  comments  are  studded  with 
"feasible”,  and  "promising"  and  "somebody  should".  The  first  two  are 
characteristic  of  our  optimism,  that  there  is  a  better  way.  The  latter 
is  a  measure  of  our  personal  involvement  with  the  problems  and  the  hope 
that  we  ourselves  might  be  part  of  that  search  for  a  better  w^. 
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FLEXURAL  STRENGTH  KS 


ABSTRACT 


The  subject  of  this  paper  is  to  describe  the  technique  of  TRW 
Acousto-Optical  Imaging  and  Its  application  to  non-destructive  testing. 
During  the  last  few  years  interest  In  the  area  of  non-destructive  testing 
has  greatly  increased.  This  has  been  due  to  the  fact  that  it  is  no  longer 
sufficient  to  know  whether  or  not  a  flaw  exists  in  a  material  but  also 
one  now  needs  to  know  the  location  of  the  flaw  and  its  dimensions  in  the 
test  specimen.  Current  techniques,  while  being  able  to  serve  in  the  former 
capacity,  are  lacking  in  the  latter. 

A  new  technique,  termed  Acousto-Optical  Imaging,  is  described 
whereby  the  information  contained  in  the  distorted  acoustic  wavefronts 
idiich  have  traveled  through  3  body  can  be  made  into  a  visual  image  by 
its  interaction  with  light  (Bragg  Reflection) .  The  theory  of  Acousto- 
Optical  Imaging  is  presented  describing  the  Bragg  Reflection  phenomenon 
and  the  analytical  equations  which  govern  the  characteristics  of  the 
system  derived* 

Also  included  in  this  report  are  the  results  of  several  tests 
performed  on  metal  and  metal-plastic  composite  saaq>les  which  conclu¬ 
sively  establish  the  capability  of  TRW  Acousto-Optical  Tnag<ng  to 
determine  the  existence  of  a  flaw  as  well  as  its  size.  This  technique 
has  an  advantage  over  other  techniques  in  that  it  provides  a  zeal  time 
visual  image  of  flaws  contained  in  the  interior  of  a  body  either  optically 
transparent  or  optically  opaque.  Since  a  visual  image  can  be  made  to 
project  onto  a  viewing  screen  one  may  record  this  image  in  various  ways — 
most  notably  on  conventional  photographic  film.  This  then  allows  one  to 
monitor  the  image  in  either  real  time  or  at  his  leisure. 

Since  this  technique  uses  only  acoxistic  waves  and  light  waves  there 
is  no  danger  to  human  personnel  as  with  x-ray  techniques. 


INTRODUCTICW  AND  S1D1ARY 


The  detection  and  Identification  of  flaws,  such  as  cracks  and 
inclusions  in  structural  members  can  sometimes  present  insurmountable 
problems  to  mantifacturers  and  quality  assurance  personnel.  For  some 
products,  such  as  helicopter  blades,  jet  engine  turbine  blades  and 
critical  welds  in  submarines,  the  detection  and  identification  of  these 
flaws  may  well  be  a  matter  of  life  and  death.  There  are  many  non¬ 
destructive  testing  techniques  presently  employed  throughout  industry 
to  detect  defective  products.  Well  known  among  these  are  x-ray 
techniques  and  ultrasonic  methods.  As  is  the  case  with  other  NDT 
techniques,  these  two  methods  have  limited  use.  In  the  case  of  x-rays, 
the  information  recorded  is  essentially  a  measure  of  the  amotmt  of 
x-ray  energy  absorbed  or  scattered  by  the  material  as  the  x-r^s  passed 
through  its  thickness.  Hence,  for  a  very  narrow  crack,  very  little 
x-ray  energy  may  be  absorbed,  thus  allowing  the  crack  to  go  undetected. 
While  it  may  sometimes  be  possible  to  deduce  information  regarding  the 
width  of  an  internal  flaw  by  x-rays,  no  information  related  to  its  depth 
is  obtained.  In  conventional  echo  ultrasonics  one  relies  on  the  acoustic 
reflective  properties  of  flaws  to  obtain  information;  generally,  depth 
information  may  be  obtained  but  not  size.  For  both  techniques,  of 
course,  well  trained  observers  are  required  and  still  the  results  of  a 
testing  program  are  quite  subjective. 

In  this  paper,  the  results  of  applying  a  technique  which  may  be 
used  to  provide  a  three-dimensional  image  of  the  interior  of  an  optically 
opaque  but  at  least  partially  acoustically  transparent  body  is  presented. 
This  technique,  is  termed  Acousto-Optical  Imaging. 

To  use  this  technique,  in  a  conventional  sense,  one  transmits  ultra¬ 
sonic  waves  through  the  material  to  be  tested.  Due  to  the  ihhomogeneities 
in  the  material,  these  waves,  as  they  propagate  through  the  medium, 
undergo  absorption  and  scattering  resulting  in  an  alteration  of  their 
wave  fronts.  The  sound  waves  which  do  emerge  from  the  body  are  then  made 
to  interact  with  a  beam  of  monochromatic  light  in  a  coupling  loedium 
(usually  water).  This  interaction  causes  the  light  wave  to  undergo  a 
frequency  modulation  resulting  in  a  series  of  optical  sidebands.  By 
optically  processing  any  one  of  these  sidebands,  a  visual  two-dimensional 
image  of  the  interior  of  the  object  is  produced  on  a  viewing  screen.  The 
advantages  of  this  technique  over  other  non-destructive  methods  lie  in 
its  ability  to  afford  visual  images  of  flaws  in  real  'Ime.  Thus  size  as 
well  as  depth  information  may  readily  be  obtained. 


TBBXm  OP  ACOOSTO-OPTICAL  IMAGING 


f 

I 


I 

& 

I 


Background 

The  interaction  of  ll^t  and  sound  was  postulated  in  1922  by 
Brillouin.^  He  reasoned  that  since  a  train  of  acoustic  waves  represented 
cyclic  regions  of  relative  coapresslon  and  relief  a  situation  very 
sisilar  to  a  oosBon  optical  diffraction  grating  wculd  exist.  Perhaps 
due  to  the  lack  of  proper  instruaentation,  experiaental  verification  did 
not  occur  until  1932  idten  Sears  end  l)ebye2  succeeded  in  doaonstrating  the 
phenooenon.  The  ln«diate  applications  of  Brillouin  scattering,  as  the 
phenosenon  has  becosie  known,  lie  in  the  area  of  deteraining  the  elastic 
properties  of  liquid  materials.  Hany  research  papers  (e.g.  Ref.  3)  were 
written  relating  critical  parameters  such  as  acoustic  power  density,  the 
aiq>litude  and  wave  length  of  li^t,  and  of  more  concern  to  u<;  here,  the 
angle  at  which  the  light  wave  interacts  witit  the  acoustic  waves  and  the 
distance  over  which  the  light  and  sound  waves  interact.  He  will  see 
that  these  two  parameters  have  a  pronounced  effect  on  Acousto-Optical 
Imaging. 

Interaction  of  Light  and  Sound 

In  order  to  fully  describe  the  interaction  of  li^t  with  sound,  one 
must  understand  the  mechanical  properties  of  sound.  Sii^ly  stated,  a 
train  of  sound  waves  is  comprised  of  cyclic  regions  of  relative  compression 
and  relief*  Over  the  distance  of  one  acoustic  wave  length.  A,  the  material 
stq>porting  the  acoustic  wave  experiences  a  change  of  pressure,  P,  density, 
p,  and  index  of  refraction,  n,  ranging  from  a  maximum  to  a  id.n1  mum  and 
back  again  to  a  .maximum  as  depicted  in  Figtire  1  for  a  plane  acoustic  wave. 
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Figure  1.  Pressure,  density  and  index  of  refraction 

distribution  as  a  function  of  position  for  a 
plane  acoustic  wave  train  of  wave  length  A. 


1.  Sears-Debve  Condition 

Consider  now  a  set  of  plane  nonochrooatic  light  waves  impacting 
a  acoustic  column  of  width,  d.  Since  the  velocity  of  light,  c,  depends 
on  the  index  of  refraction  of  the  aedium  in  which  it  is  propagating 
according  to 


c 


where  c^  is  the  speed  of  light  in  vacuo,  and  n  the  index  of  refraction, 
the  light  will  experience  a  time  delay  and  a  phase  shift  as  it  propagates 
through  the  acoustic  wave  column.  As  a  consequence  of  the  refraction 
being  a  function  of  position  in  the  acoustic  wave  train  and  the  fact 
that  the  acoustic  wave  is  moving,  each  point  in  the  material  experiences 
a  cyclic  time  variation  of  its  index  of  refraction.  As  a  result,  the 
incident  light  becomes  modulated  in  phase  and  also  in  frequency.  It  can 
be  shown  that  if  the  acoustic  column  is  sufficiently  narrow,  a  carrier 
wave  having  the  frequency  of  the  incident  light  and  a  set  of  sidebands 
will  emerge  from  the  acoustic  column  as  depicted  in  Figure  2. 
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Figure  2.  The  Creation  of  Sidebands  Caused  by  Freqwncy  Modulation 
on  Incident  Plane  Light  Wave  by  a  Plane  Acoustic  Wave 
Train. 


The  phrase  "sufficiently  narrow"  vac  used  above  to  describe  the 
I  width  of  the  acoustic  coluan.  The  reason  for  this  lies  in  the  fact  that 
the  incident  light  breaks  up  into  its  sidebands  iasediately  t^n  entering 
the  acoustic  coluan  and  begins  to  diverge  angularly  from  the  carrier. 

It  aay  then  travel  through  parts  of  the  wsve  front  having  different 
indices  of  refraction*  As  a  resvdt,  destructive  interference  a»y  occur 
and  the  intensity  of  these  bands  will  be  greatly  reduced.  It  is  possible 
to  use  the  interference  phenoaenm  to  our  advantage  by  siiqtly  ispacting 
the  acoustic  coltan  with  light  waves  at  a  properly  chosen  angle  so 
constructive  interference  will  occur. 

2.  Braae  Ref3.ection 

To  describe  constructive  interference  we  n^ed  to  consider  Bragg 
reflection.  Bragg's  law  expresses  the  condition  under  idilch  a  crystal 
or  any  diffraction  grating  will  reflect  an  incident  wave  with  naziaMn 
intensity.  Matheaatically,  the  condition  is  expressed  as 


sin  8g 


Ml 

2D 


(2) 


where 


*  Bragg  angle 

N  ■  Integer 

D  «  gracing  spacing 

X  «  wave  length  of  incident  wave 


4 


. . . 


Physically,  this  condition  insures  that  parts  of  the  wavefront  which 
reflect  from  different  strata  of  the  grating  are  in  phase  when  they  re¬ 
combine.  Figure  3  shows  schematically  the  Bragg  reflection  process  when 
A  is  Che  grating  spacing. 


Emerging 


As  seen  in  the  Figure,  the  path  length  difference  of  the  wave  which  reflects 
from  the  Cop  stratum,  and  the  second  stratum  is  NX.  This  insures  con¬ 
structive  interference  when  these  waves  recoil ine.  Bragg  reflection,  as 
described  here,  is  Che  basis  for  acousto-optical  imaging. 
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ACOUSTO-OPTICAL  IMAGING 


Consider  a  point  source  of  sound,  S,  from  which  single  frequency 
acoustic  waves  are  emanating  and  also  a  point  source  of  light,  0,  from 
which  monochromatic  light  waves  are  emanating.  In  the  region  where  the 
spherical  wave  fronts  of  light  and  sound  satisfy  the  Bragg  equation, 
sin  8g  >  X/(2A),  maximum  reinforcement  will  occur.  If  one  then  traces 
back  these  diffracted  rays,  one  finds  that  they  intersect  at  a  single  point. 
Mathematically,  this  condition  is  identical  to  there  being  a  new  spherical 
wave  emanating  from  a  point  0*.  This  point  at  O'  is  then  considered  to  be 
the  virtual  image  of  the  sound  source,  S.  Figure  4  depicts  this  situation 
for  N  >  1.  Three  propagation  vectors  (-^}  are  shown  leaving  the  light  source, 
0,  which  Interact  with  three  propagation  vectors  (6^)  which  emanate  from 
the  sound  source,  S,  at  the  Bragg  angle  6g.  At  these  points,  diffracted 

light  rays  (*-*«^)  are  created  which  when  traced  back  ( - )  Intersect  at 

a-  common  point.  O' . 
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Figure  4.  Acousto-Optical  Imaging  of  a  Sound  Source,  S,  by 
a  Light  Source  0,  to  Produce  a  Virtual  Image.  O' 
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Of  course  if  there  were  more  than  one  sound  source,  say  S  ,  S  , 
then  multiple  images,  0:[,  0^,  0^,...  will  be  created.  Reference 
4  shows  that  a  magnification,  M,  given  by 

M  -  ^  (3) 

A 

1  2 

will  result.  For  example,  if  sound  sound  sources  S  and  S  were  separated 
by  a  distance  S^S^,  then  their  images  will  be  separated  by  a  distance 
X/A  S^S^.  This  concept  may  be  generalized  to  a  body  merely  by  considering 
the  body  to  be  made  up  of  many  "point"  sources,  each  giving  rise  to  an 
image.  The  sum  of  these  Images  will  represent  a  three-dimensional  image 
of  the  object. 

Figure  5  shows  a  typical  laboratory  setup  used  for  TRW  Acousto-Cptical 
Imaging.  An  object  is  placed  in  a  tank  containing  a  good  acoustic  wave 
transmitter,  usually  water.  This  we  will  refer  to  as  a  wave  coupler  or 
Bragg  Cell.  Attached  to  the  bottom  of  the  tank  is  a  transducer  which 
generates  acoustic  waves  when  excited  by  a  generator.  These  waves  pass 
through  the  object  and  in  so  doing  "excite"  every  point  of  the  object. 

These  points  then  in  turn  also  act  as  sound  sources.  As  a  result,  sound 
waves  which  are  a  superposition  of  all  the  point  sound  sources  within  the 
object  are  emitted  from  the  object. 

Using  a  proper  monochromatic  light  source,  e.g.,  a  laser,  one  may 
Induce  Bragg  reflection  from  each  of  these  waves  thereby  obtaining  an 
image  of  every  point  of  the  object. 


Figure  5.  Acousto-Optical  Imaging  of  a  Solid  Body  Which  is  at 
Least  Partially  Transparent  to  Sound 
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As  is  shown  in  Figure  5,  a  three-dimensional  image  of  the  object  is 
visually  displayed.  The  object’s  image  undergoes  magnification  according 
to  M  *  X/A.  By  using  proper  optics*  one  may  view  the  object  by  focusing 
on  various  planes  of  the  image  and  also  induce  desired  magnification  or 
demagnifications . 

The  resolution  of  the  acousto-optical  Images  is  on  the  order  of  the 
wavelength  of  the  sound  source  In  the  media,  wherein  the  light  and  sound 
Interact.  Since 

A  -  f  (4) 

where 

V  «  velocity  of  sound  in  the  coupling  media 
f  *  frequency  of  sound  (cps) 

it  is  advantageous  to  use  ultrasonic  waves  for  high  resolution. 


EXPERIMENTAL  RESULTS 


The  results  of  two  non-destructive  testing  experiments  using  the 
apparatus  as  shown  in  Figure  will  be  discussed  in  this  section.  The 
first  experiment  was  performed  on  a  6”  x  1”  x  1/4"  prismatic  beam  having 
a  surface  crack  extending  across  its  width.  The  secoiul  experiment  involves 
a  laminated  aluminum-plastic  structure  containing  debonded  areas. 

Rectangular  Beam  -  Crack  Detection 

The  specimen  was  cut  from  a  l/4"»  thick  sheet  of  6061-T6  aluminum 
stock.  A  jewelers*  saw  was  used  to  saw  a  1/4"  cut  into  the  two  edges. 

Next,  a  weight  was  attached  to  one  end  of  the  beam  and  placed  on  a  shaker 
so  as  to  vibrate  the  beam  in  its  fundamental  mode.  As  a  result,  a  surface 
fatigue  crack  was  formed  across  the  width  of  the  beam  connecting  the  two 
saw  cuts.  The  saw  cuts  were  then  cut  from  the  specimen.  Figure  6  is  a 
photograph  taken  of  the  specimen  containing  the  saw  cuts  and  the  crack. 


Figure  6.  Beam  Specimen  Contaxnlng  a  Surface  Crack  Across  Its 
Width 
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Figure  7  shows  a  series  of  three  photographs.  The  first  one  was  taken  of 
the  viewing  screen  with  the  apparatus  turned  on  but  no  object  placed  In 
the  Bragg  cell.  Essentially  It  represents  an  Image  of  the  transducer. 

The  second  photograph  was  taken  of  the  viewing  screen  when  a  portion  of 
rectangular  beam  which  did  not  contain  the  crack  was  placed  between  the 
acoustic  transducer  and  the  converging  cone  of  light.  In  the  last  photo¬ 
graph,  the  beam  was  placed  such  that  the  crack  did  perturb  the  sound  waves 
before  they  Interacted  with  the  light  cone.  By  comparing  the  second  two 
photographs,  one  may  readily  Identify  the  crack. 


(a) 


Image  of  Transducer 
Background 


Image  of  Edge  of  Beam 


Image  of  Crack 


(  b  ) 


Image  of  Homogeneous 
(  c  )  Portion  of  Bc^ 


Figure  7.  (a)  Acous fco-Optical  Image  of  the  Transducer 

(b)  Acous to-Optlcal  Image  of  a  Portion  of  the 
Beam  Containing  no  Cracks 

(c)  Acousto-Optlcal  Image  of  a  Portion  of  the 
Beam  Containing  a  Crack 

Composite  Specimens 

The  TP^W  Acousto-Optlcal  Imaging  technique  was  used  to  Identify 
debonded  areas  In  a  specially  prepared  composite  specimen.  The  specimen 
was  made  by  bonding  a  l/8tb  inch  thick  plate  of  plastic  (Plexiglas)  to  a 
l/8th  Inch  thick  plate  of  aluminum  in  such  a  way  that  two  areas  remained 
unbonded  (Figure  8).  Eastman  910  was  used  as  the  bonding  agent. 
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When  the  specimen  was  subjected  to  the  TRW  Acousto^Optical  Imaging  non¬ 
destructive  testing  technique,  both  flavTS  were  Identified  as  shown  in 
Figure  9. 

Flaws' 


Image  of  the 
Homogeneous  Specimen 

Transducer  Background 

Figure  9.  Images  of  the  Debonded  Areas  Between  the  Interfaces 
of  a  Composite  Structure 


As  a  final  experiment  a  layer  of  l/8th  inch  thick  aluminum  plate  bonded 
to  the  composite  specimen  shown  in  Figure  8.  This  specimen.  Figure  10, 
was  then  subjected  to  the  Acoiisto-Optlcfd.  Imaging  technique. 


Flsure  10.  Sandwich  Specimen  Used  to  Demonstrate  the  Ability  of 
TRW  Acousto-Optlcal  Imaging  to  Identify  Debonded 
Areas 


Again  the  debonded  areas  between  the  plastic  and  first  layer  of  aluminum 
were  visually  displayed.  Figure  11. 


E3aiB’fi2;UPilOD 


Image  of  the 
?.  uo  Hoiao^ntiousj  St^i-nen^n* 


ftvvrisiii jp.oinor;  oii::  o3  liOinsjiiqqB  gSl 
Ic  vliilds  sfi-  ^fii^n'iwSf'Cfnsb 
;  :■  J  e  i  r  -  i  ■•: J  ;I'ta»e<fe»eftrK3aeJcgco w43rrs!^^^  gl  e3  si 
HSupinrisoj  3ifioaE;’:„-  iof,1o  a;,  '.fpirt.'iosS  giri3  j£rf3 

IkiioI j.r b(>E  jTovs'.joK  . Ie', iTjo-^csc-^  £££j'u  /io  "JaBsl  3s  St:u  as.'s 
03  a3(i3J:v  sr'c  5r  icsjgvs  9;i3  o'ni  -js.vi.- Acini'  ri  03  assn  lit'.;  asnsmsls 


arrfj  r:  a?>j 
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By  comparing  Figures  9  and  11  it  is  evident  that  the  same  areas  of 
debonding  were  identified. 
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CCaKLOSIONS 


W*  hav*  shofim  that  tha  tachniqua  of  tha  Acousto-Optlcal  laaglng 
tachnlqua  haa  application  to  tha  nondastructiva  tasting  fiald.  We 
hava  shown  this  by  dsBonsttating  tha  ability  of  tha  tachnique  to  locate 
cracks  in  aatals  and  dabonding  in  lasdnatad  natal-plastic  structures. 

It  is  felt  that  this  technique  as  with  other  ultrasonic  techniques 
has  use  at  least  on  plain  geoantrlcal  surfaces.  However,  additioxul 
alaaants  will  need  to  be  included  into  tha  systoi  if  one  wishes  to 
iSMga  through  coa^licatad  gaonetrias,  e.g.  cylindrical  or 
spharical.  Convantional  methods  used  in  ultrasonic  testing  techniques 
which  are  used  to  coupla  acoustic  energy  into  bodies  of  coaplicated 
gaonetrias  should  also  be  applicable  for  use  in  this  system. 
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MICROWAVES  IN  NONDESTRUCTIVE  TESTING 


Introduction  and  Summary 

Until  recently  most  applications  of  aicroiraves  to 
nondestructive  testing  utilized  continuous -wave,  single- 
frequency  signals.  This  paper  describes  a  microwave 
tectoique  with  depth  resolution!  that  is  an  ultra-high 
resolution  radar. 

The  Frequency  Domain  Interferometer  (PDI)  combines 
the  characteristics  of  the  interferometer  and  radar.  It 
has  the  ability  to  measure  distance  to  a  small  fraction 
of  a  wavelength,  and  can  produce  a  simple  display  which 
may  be  interpreted  in  the  same  way  as  with  the  more 
familiar  radar  and  pulse-echo  ultrasonic  instruments. 

The  primary  display  of  the  PDI  is  an  oscilloscope  trace 
with  the  horizontal  scale  representing  distance  to  the 
reflecting  targets,  and  the  height  of  the  pealcs  representing 
the  strength  of  the  reflections  from  them.  The  device  is 
thus  usable  for  detecting  flaws  in  dielectric  solids  and 
also  for  measuring  distance.  The  latter  gives  rise  to  a 
very  convenient  method  for  determining  refractive  index 
directly. 

The  increasing  use  of  nonmetalllc  materials  in 
Aerospace  industries  has  caused  severe  problems  in  non¬ 
destructive  testing.  Since  many  of  the  noxmetallio 
structures  are  composites,  a  new  class  of  defects  has  risen 
to  prominence.  It  has  been  fo\ind  that  the  conventional 
nonr-.estructlve  test  techniques  are  seldom  satisfactory  for 
such  materials. 

Since  the  new  nonmetalllc  cranposltes  are  usually 
transparent  to  microwaves,  the  use  of  microwave  testing 
is  obviously  promising.  Consideration  of  the  basic  inter¬ 
actions  of  microwaves  and  solid  dielectrics  shows  that  most 
of  the  defects  expected  in  nonmetalllc  structures  will  have 
some  effect  upon  a  microwave  beam.  In  fact,  the  situation 
is  similar  to  that  encountered  in  ultrasonic  testing  except 
that  microwaves  can  traverse  empty  space  and,  of  course,  do 
not  penetrate  significantly  in  electrical  conductors.  The 
prinei]^  disadvantage  of  microwaves  had  always  been  one  of 
equipment  and  technique.  Much  of  the  success  of  ultrasonic 
testing  has  been  a  result  of  the  relative  ease  with  which 
pulse-echo  measurements  can  be  made.  The  speed  of  electro¬ 
magnetic  waves,  however,  is  so  great  that  it  Is  difficult, 
if  not  impossible,  to  generate  the  short  pulses  required. 
Thus,  while  fairly  good  definition  of  beam  cross  section  is 
possible,  it  had  always  been  a  problem  to  obtain  adequate 
depth  resolution. 
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With  the  Frequency  Domain  Interferometer  it  is  possible 
to  produce  an  oscilloscope  display  quite  similar  to  that  of 
a  pulse-echo  ultrasonic  test  unit,  and  to  Interpret  it  in 
exactly  the  same  manner.  Depth  resolution  can  be  obtained 
down  to  a  small  fraction  of  a  wave  length,  and  under  favorable 
conditions  this  can  mean  as  little  as  +  .1  mm. 

Microwaves  readily  penetrate  most  commercial  plastics 
and  glass  reinforced  structures.  Penetrations  of  5  feet 
(10  feet  path  length)  into  solid  rocket  motor  propellant 
have  been  achieved.  Delamlnatlons  down  to  2  mils  have  been 
detected  and  located. 

Microwave  Technique 

Two  microwave  techniques  will  be  described:  continuous- 
wave  and  frequency  modulated.  A  continuous -wave  reflect ometry 
technique  was  used  to  detect  delamlnatlons  and  separations. 

This  technique  has  the  advantage  of  simplicity  and  Illustrates 
the  defect  sensitivity  that  can  be  obtained.  However,  the 
range  or  depth  of  the  defect  cannot  be  determined.  The  CM 
technique  Is  applicable  to  thin  laminar  structures  where 
there  Is  a  priori  knowledge  of  the  depth  of  the  defect,  if 
any,  or  a  defect  at  any  depth  is  cause  for  rejection. 

Defect  Sensitivity  -  C.W.  Technique 

To  determine  defect  sensitivity  a  specimen  with  built-in 
defects  was  constructed.  The  specimen  consisted  of  a  3-foot 
length  of  the  cylindrical  section  of  a  solid  rocket  chamber 
cast  with  propellant.  The  case  Is  a  quarter-inch  thick  glass 
filament-epoxy  composite  lined  with  a  quarter- Inch  thick  rubber 
insulation.  This  specimen  has  as  8”  web  and  cylindrical-core 
grain.  The  specimen  has  a  case-lnsulatlon  separation,  a  bor^ed 
Insulation  patch,  an  unbonded  patch  ai«i  Insulation- propellant 
separations.  The  Insulation-propellant  separations  were  made 
by  waxing  steel  shims  to  the  case  wall  and  withdrawing  them 
after  cure.  Shins  of  .025",  .020",  .015",  .008",  ai«i  .002" 
thickness  were  used. 

After  curing,  the  specimen  was  placed  on  a  turntable  and 
scanned  as  shown  in  Figure  1.  The  txmitable  rotates  and  also 
moves  vertically. 

The  detection  of  delaminations  and  separations  depemJs 
upon  the  change  in  reflection  coefficient  which  results  from 
the  sharp  discontinuity  in  dielectric  constant  between  air 
a^  glass.  Insulation,  or  propellant.  The  directional  coupler 
allows  only  the  reflected  signal  to  reach  the  crystal  detector. 
This  signal  consists  of  a  large  reflection  from  the  outer 
surface  of  the  case,  and  smaller  ones  from  the  glass- Insulation 
and  insulation-propellant  Interface.  If  any  unbond  occurs,  the 
reflection  is  Increased.  Of  course,  the  spacing  of  the 
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Interfaces  is  critical,  and  the  frequency  must  be  chosen 
so  that  the  reflections  from  two  discontinuities  will  not 
be  lA  wavelength  apart  and  be  cancelled  out  by  destructive 
Interference, 

Figure  2  shows  scans  of  a  region  free  from  defects,  or 
at  least  free  from  Insulation- propellant  separations.  There 
Is  some  evidence  of  more  subtle  defects  which  are  not  well 
resolved.  Figure  3  shows  an  adjacent  area  which  contained 
a  separation  produced  by  withdrawing  a  25  mil  shim  6"  wide 
which  had  been  waxed  and  stuck  against  the  case  during  cast 
and  cure.  As  csui  be  seen,  this  defect  Is  clearly  mapped  out. 

Figures  4  and  5  show  scans  of  the  other  separations. 
Figure  4  is  especially  Interesting.  Note  that  the  indications 
for  .025",  .020",  and  .015"  separations  are  almost  Identical. 
Theoretically,  as  long  as  there  Is  an  air  film  present,  the 
thickness  of  It  should  have  little  effect  so  long  as  It  does 
not  become  significant  compared  to  a  quarter- wavelength. 
Examination  of  the  scans  of  the  .008"  and  .002"  separations, 
as  well  as  Figure  5  which  shows  the  .008"  separation  at  a 
different  point  and  higher  gain  offers  some  explanation  for 
the  poor  resolution  of  the  thin  separations.  As  the  sepa¬ 
rations  become  thinner,  there  is  evidence  of  a  tendency  to 
close  up  at  the  center.  In  all  probability  It  Is  reduced 
area  of  actual  separation  rather  than  the  thinning  of  the 
separations  which  accounts  for  the  weak  Indications  for  the 
.008"  and  .002"  separations.* 

Figure  6  shows  an  insulation-case  separation.  This 
defect  was  produced  by  slitting  the  Insulator,  and  wedging 
a  screwdriver  between  case  and  Insulation  to  form  a  pocket. 

The  adhesive  was  removed  with  trichloroethylene,  the  pocket 
dusted  with  talcum  to  prevent  re-bondlng  and  the  slit  sealed 
with  neoprene  cement.  While  it  has  not  been  possible  to 
X-ray  the  specimen  as  yet.  It  Is  believed  that  the  shape  of 
this  defect  is  roughly  as  follows  after  cure.  The  entrapped 
bubble  of  air,  somewhat  compressed,  should  be  at  the  top  of 
the  defect.  At  the  bottom  there  Is  a  Ixanp  of  glass-epoxy 
scrapings  and  talcum.  The  result  should  be  two  cavities 
joined  by  a  separation  of  varying  thickness.  The  irregular 
Indications  shown  In  Figure  6  are  In  good  agreement  with 
the  probable  structure  of  this  defect. 

♦Later  experiments  with  the  f.m.  technique  at  a  higher 
frequency  (Ka-bandt  26.5  to  40  GHz)  more  clearly  resolv^ 
the  edges  of  the  2  mil  separation.  These  measurements 
verified  that  the  defect  closed up  In  the  center. 
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Therae  experlmentak  ais  well/ aa  othare',  llluetrate  that 
laminar  a fe^JArat  lcna  aa’  amall  ait  2  Jhlla  thick<  cotri  be  dat/efetad/  '  i 
They  also  Illustrate  the  basic  difficulty  of  the  C.W.  teahhlqU'e 
There  is  no  way  to  determine  which  Interface  Is  separated.  The 
Indications' could  ba' dU'fe’ In  this  case  tb  dblanUnatl'ona'  Iri  th'e 
case,  case-to-lnSUlatloh  separations,' delawlhatlohs  in’ tlie  ■  ‘ 
Insulation,  or  'insiaiation-to- propellant 'fee^rationt .  . 

The  F.F.  Principle 

It  Is  natural  for  NDT  practitioner’s  whose  attention  Is 
drawn  to  microwaves  to  consider,  the  possibility  of  ranging 
defects  with  a  p‘ilse-echo  device.  What  Is  needed.  It  would 
appear.  Is  an  ultra-high  resolution  radar.  The  radar  beam 
would  be  directed  Into  the  dielectric  being  Inspected.  Any 
discontinuities  would  reflect  back  a  portion  of  the  pulse, 
and  the  time  of  arrival  of  the  reflected  pulse  could  be  used 
to  locate  the  defect.  To  get  high  resolution.  It  would  be 
necessary  to  produce  a  pulse  as  short  In  duration  as  possible. 

There  are  both  practical  and  theoretical  difficulties 
In  building  auch  a  system*  .A  more  general  analysis  of  ♦he 
problem  shows  that  a.  large  microwave  bandwidth  is  all  that 
Is  required  for  high  resolution.  A  convenient  way.  to  got 
this  Is  to  linearly  sweep  the.  .microwave  transmitter  frequency 
as  shown  In.  Figure  7.  ,  The  microwave' signal,  travels  down  tne 
waveguide  and  reflects  off  discontinuities  In  front  of  the 
horn.  The.  crystal  detector  then  .sees  two  signals,  the  trans¬ 
mitted  signal  and  the  reflected  signal. 

The  detector  output  contal^a  the  sum  and  difference 
frequencies.  Since  the  sweep.  Is  .linear,  the  difference 
frequency  Is  a  constant  as  shown  In  'Plgi^ro  8,  A  mathematical 
analysis  shows  the  detected  signal  for  a  single  reflector 
to  be » 

3^(t)  =  A  cos  (w^  -  w’t)r.  (1) 

.  S^(t)  =0.  T  <  t  5  Ty 

A  =>'  the  ampritude 

=  ^iff^  “  the  starting  microwave  angular'  frequency 


I  V »-  td  ■  -  y‘-'  =»■  the' microwave  sweep  rate 

.1.  T  »=«  the  time  of  travel  of  the  microwave  signal  from 

the  detector  to  reflector  and  back  to  the  defector 

"■  t  »  t  ime  .  .  r 

T  =  sweep  duration 
T^  tr  sweep  repetition  period 
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Ae  oan  be  seen  the  fvequenoy  (w*r)  is  proportional  to  Tt 
hence  distance.  Furtherinore,  the  phase  (w  T)-  is  proportional 
to  distance. 

It  would  appear  that  several  reflectors  in  the  beam 
could  be  resolved  by  frequency  analyzing  the  signal.  A 
natural  device  for  doing  this  is  a  spectrum  emalyzer.  The 
power  spectrum  of  the  signal  from  one  reflector  ist 


where  Pj(n)  «  power  at  frequency  ^ — 


m  »  an  integer 

Note  that  the  idiase  information  in  the  r(  eived  signal 
is  lost,  l.e.,  there  is  no  w  Tterm.  Furthermore,  the 
spectrum  is  a  line  spectrum.”  For  example,  if  T  were  0.001 
sec,  there  would  be  power  only  at  haxmonios  of  toe  Kilohertz. 
Finally  note  that  the  power  spectrum  is  always  positive. 


The  FH  Microwave  interferometer  does  not  take  the  power 
spectrum,  A  cross-correlation  detector  is  used.  Its  output 
ist 


C(w) 


sin  L(w  -  w*T)  T  +  w^jT)  -  sin  w^T 


I  where  C(w)  »  cross-correlation  detector  output 

w  *  ZfSf  «  angular  frequency 

Mote  that  the  phase  information  (w^)  is  retained.  The 
sUpfUtl  may  be  either  positive  or  negative.  Further  note  that 
the  frequency  term  occurs  as  w  T  i®  this  transform,  not  as 
P  .  !  in  the  power  spectrum.  Hence,  ”the  transform  method  yields 

I  i  twice  the  reseluti<»i. 


The  significance  of  these  observations  is  shown  in 
Figure  9.  Suppose  the  microwave  transmitter  is  operating  in 
K-band,  l.e.,  sweeping  from  26.5  GHz  to  18  GHz.  Suppose  that 
the  duty  cycle  is  50%*  i.e. ,  T  »  0,5r  .  Suppose  further  that 
a  refleotcm*  is  placed  in  the  bMm  at  such  a  point  that  it 
produces  a  beat  frequency  (w*T)^hich  is  an  exact  multiple  of 
the  repetition  frequency  (w*t»  «  ZTTmf  where  m  Is  an  integer). 

r 
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Then  the  display  of  this  signal  on.;  a  high  resolution  spectrua 
analyzer  is  shosm  in  Figure  9a..  For  convenience  the-  horizon-; 
tal  axis  is  shown  in  distance  rather  than  frequency  or .delay 
time.  The  spec*;Lcil  is  dotted  in  and  goes  to  zero 

at  18  r.  ..i. 

A  display  of  the  correlation  detector  output  for  fehe 
same  signal  is  shown  in  91>.  In  this  case  the  phase  is  zero 
{w  T  is  a  multiple  of  Ztt)  .  Note  this  display  is  a  smooth 
curve  and  goes  to  zero  in  9  a®. 

Now  suppose  the  reflector  moves  a  distance  that  causes 
the  phase  to  shift  ^  radians. 


This  corresponds  to  a  distance  of 

O  _  -t  /vlO 


sd  = 


X  lO-' 


o  8(26.5  X  10^) 


0,l4  cm  =  1,4  mm 


where  %T=  the  change  in  delay  time 
=  the  distance  moved 

C  =  velocity  of  light 

w 

fo  =  microwave  starting  frequency 

The  display  of  the  spectrum  analyzer  and  correlation 
detector  are  shown  in  Figures  9c  and  9d  respectively.  Note 
that  the  position  of  the  lines  in  the  spectra  do  not  move  - 
only  the  position  of  the  envelope.  The  only  indication  of 
the  change  in  position  of  the  reflector  is  the  slightly 
unsymmetrical  sideband  structure. 

In  sharp  contrast  the  change  in  the  correlation  detector 
output  is  most  conspicuous.  Initially  the  curve  had  a  shape 
like  I 

V  = 

'  X 

The  new  curve  has  a 

_  cos  X  -  1 


shape.  This  curve  crosses  zero  at  the  1,4  mm  mark.  A 
further  1,4  nan  movement  of  the  reflector  has  a  relatively 
minor  effect  on  the  spectrum  analyzer  output  but  changes  the 
correlation  detector  output  to  a  curve  llkei 


y  ~  X  • 


shown  in  Figures  9c  and  9f . 
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The  negative  peak  on  this  curve  ooeurs  at  2.8  mm.  Further 
increments  of  1.4  mm  changes  the  correlation  detector  output 
to  a  curve  likei 

^  _  cos  X  «■  1 


then  back  to 

V  =  ^ 

^  X 

This  distance  (5.6  mm)  corresponds  to  2Tradians. 

Some  experimental  results  in  Ku-baM  (12.4  to  18  GHz) 
are  shown  in  Figure  10.  Figure  10a  shows  the  front  (at  2.7  cm) 
and  back  (7.0  cm)  reflection  nrom  a  2-in. -thick  block  of 
Plexiglas.  Hote  that  the  front  reflector  is  in  phase  and 
>  the  back  approximately  180°  cut  of  phase.  Figure  10b  shows 
a  single  stationary  reflector  with  the  i^iase  control  rotated 
by  90°  increments.  Figure  10c  shows  the  reflection  from  a 
reflector  moved  in  2.7  mm  incrMcants.  Note  the  final  position 
is  displaced  0,5  cm  on  the  display.  This  represents  a 
distance  of  1.08  cm  displacement. 


In  practice  an  inexperienced  operator  can  easily  see  a 
30  shift  corresponding  to  a  0.46  mi'  distance  in  air.  In  a 
dielectric  the  resolution  is  better  bemuse  the  velocity  of 
microwaves  is  c/n  where  n  is  the  index  of  refraction.  For 
most  dielectrics  n  is  about  1.3  to  1.7. 

If  the  microwave  horn  were  scanning  a  laminar  structure 
for  delaminations,  the  position  of  the  dslamination  could  be 
determined  to  better  than  0.5  mm  in  K-baml.  Higher  microwave 
frequencies  would  result  in  still  higher  resolution. 

In  using  the  FOI  to  measure  dielectric  constant  it  is 
necessary  to  measure  the  microwave  path  length  to  a  metal 
reflector.  An  operator  with  some  experience  can  make  these 
measurements  to  -.03  mm  in  K-band.  The  metal  reflector 
can  be  located  more  accurately  than  separations  because  the 
metal  reflector  provides  100)(  reflection.  This  reflection 
is  stronger  than  other  reflectors  in  the  beam.  Furthermore, 
the  other  reflectors  are  located  well  away  from  the  metallic 
reflector. 


Figure  11  shows  a  typical  Indication  of  a  defect.  The 
la.vge  indication  at  the  left  is  the  reflection  produced  by 
the  microwave  beam  entering  the  part.  This  double  exposure 
shows  the  trace  over  &  normal  region  and  over  a  defect. 


Ins  t  rumentat  Ion 


f  :There_v,ar,e'.3i  outputs  lOf ,  the/;EOI:i-.  the  :Corr elation  Aetoctor 
outputie  tii  .co»peia^l<«iW  shifted  :C«timtbr;ii  *15 

correspowiing  -to  .thej-spectralt  envelope  (the^  dotted  Idnoa/  in,; -r-  - 
figure? 9:);.'-  ‘r-  :  :  .r-.i  -  -- 

The  spectral  envelope  has  -less  resolution  than  the 
correlation  detector  output,  Eurtherinore,^^  it  contains  no 
phase  information.  This  output  Ts  useful  for  looking  for 
voids  andi  'lnclualons.;in  .relatively,  thiclt  dielectrics .r  The  - 
usual‘ electronic  tricks  :ofe  zero  suppression  and  variable^ 
galn-vs-depth  can  be  applied  to  this;  signal.  This  display-  — 
mode  is  also  useful  in  scanning  operations  where  the  distance 
fre®  the  bom  to  the*  various;  interfaces  cannot  be- held;  constant. 

”  The  .spectral  envelope  display  4s  very-  similar  to  the-  :  ?  - . 
"A"  scan- 4n  pulse-echo;  ultrasonics,-  The  only  difference -in  - 
Interpretation  is  that  the  reflectors,  are  at  positions  ■ 
corresponding  to  the  peak  of  the  "blip"  rather  than  the  leading 
edge  of-  the!;blip,r  .- -This  4s  :a?:de8lrable  difference,  since  ^the 
peak  is  always  .morer.easily'  discernible  than-  the  leading  redge,  ' 

No  emor  lsi  Introduced?  if  the  ;zero  cor  base  X'ine  -is  suppross.od-,. 

f  -Thei.correlatlon'  outpufe-contalns,  much  more  information*?  ^ 
both  frequency  and  iifliase.,  Purthdmorer  the  display  for  :iiiuitlple 
reflectlonsr'lsi.strictly'^he  sum  of  the  Indications  frwn  TOch-,- 
These  -two.^properties  ral-low  very-  high;  resolution  of-  defects;  in 
thln>r.-lamlnar  structures*.  ; 

Suppose  thatrS'  quarter- inch -thick  ccwiposlte  consisting:  - 
of  two  materials,  for  example  filament  wound  glass  and  rubber 
liner,  required  inspection  for  delaminations  -and  separations. 
Suppose  further  that  there  are  different 'acceptance' rimlts 
for  srea-  of-  ^assi  delemlnatlons,  glass-to-llner  separations, 
and -Uner  delaunlnat ions,;  Thus  when  sepeupdtlons  are  detected, 
it  is:  necessary  to  determine  exactly  which  interface  is  Involved, 


?'Sdnce:;so:m8my;  interfaces -are  so  close  together  the  - 
overlapping  reflections' -on  the  imrimary  display  would  be  ^ 
d  if  fiicult:  £to  4nter.preti'' However,:  a  simple:  way  exists  for:  ' 
determining,  both  iJhe- Interface  that  is.  separated  as  well- as: 
the  gapaize.  :  The  slgsai  :ahaiyzer  is  manually  set  for  the  ; 
approximate:  center  ?of  the  composite..  The  two  correlation  -  - 
detector coutputSi.nre:  then  put  -on*  the;  x  and  y  axis  of  am  x-y 
plottervrp.With!a:-flawless:,88unple  .In-ifront  of.  the 'horn  the  x-jr  - 
plotter  pen  is;  .^et -to  the  eentor..:  Then  as  tho**  horn  scams,  the  : 
composite  a  deflection  from  the  center  Indicates  a  defect. 

The  amgle  .of  the  ;deflection  4ndicate8  the  depth  of  the  defect, 
and  .'the;uradlus;  Indicates  gap  size.  This  angle  is  the  w_p 
termiln -:equatlon  2;):,-;  .  ’  ■  -  *  . 
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Penetration  of  Air  G»pa 


Unlike  ultraeonlosy  nloroiraves  are  not  totally  reflected 
at  Interfaces  between  solids  and  air.  This  laroperty  gives 
microwaves  the  ability  to  detect  separations  under  other 
sepeoratlons  or  air  gaps^  The  reflection  coefficient  for  an 
Interface  between  two  materials  Is 


B 


fnr.  n") 
(n*  +  n“) 


2 

2 


where  n*  and  n**  are  the  refractive  Indices.  For  example 
at  an  Interface  between  air  ai^  a  material  with  a  dielectric 
constant  of  1.5,  of  the  beam  Is  reflected. 


The  ability  to  penetrate  gaps  Is  Illustrated  by  figure  12. 
The  two  traces  are  made  with  and  without  an  air  gap.  In  the 
trace  with  the  air  gap  the  back  surface  reflection  is  merely 
reduced  in  amplitude.  The  small  indication  at  3.2  cm  is 
froB  the  mouth  of  the  horn. 


The  reflection  from  air  gaps  can  be  directly  measured 
with  the  FDI.  A  plot  of  reflection  verses  gap  width  for 
Plexiglas  in  Ku-band  (12.4  to  18  GBx)  is  shown  in  figure  13. 

It  is  interesting  that  the  reflected  amplitude  does  not 
extrapolate  to  xero  for  sero  gap  sise.  An  exact  mathematical 
ani^ysis  shows  that  for  gaps  less  than  5  >13.s  in  Ku-band 
thsre  is  considerable  variation  In  reflection  with  frequency. 
This  results  in  ’blurring”  of  the  reflection  and  nonlinear 
behavior.  At  ^  nils  the  ouxve  starts  to  flatten  and  at  still 
larger  ^p  sixes  the  display  shows  two  reflections t  one  where 
the  microwave  beam  enters  the  gap,  and  one  where  it  leaves. 


Measurement  of  Refractive  Index 

The  conventional  procedure  for  determining  the  refractive 
index  of  solids  at  microwave  frequencies  can  be  very  precise, 
but  is  far  fr<at  convenient.  It  Involves  filling  a  length  of 
waveguide  with  the  material  to  be  measured,  and  determining 
the  complex  impedance  of  the  filled  section  by  standing  wave 
measurements.  Frcmt  the  impedance,  the  electrical  properties, 
including  dielectric  constant  can  be  computed.  The  refractive 
Index  is,  of  course,  determined  by  the  dielectric  constant. 
This  method  is  not  as  simple  as  the  description  might  imply. 
Cats  reduction  is  exceedingly  Involved  and  tedious,  and  sample 
preparation  can  be  a  problem  since  the  waveguide  must  be 
perfectly  filled.  Another  obvious  problem  is  that  a  large 
slab  can  only  be  tested  by  cutting  samples  from  it. 

With  the  FDI  one  need  only  have  a  specimen  with  flat, 
parallel  faces.  The  antenna,  generally  a  horn,  is  placed  on 
(me  side  of  the  specimen,  a  plane  metal  reflector  on  the  other 
side.  The  reflector  is  mounted  on  a  miorcmeter  screw  so  that 
it  oan  be  moved  a  measured  distance  along  the  horn's  axis. 

See  figure  14. 
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The  distance  from  horn  to  .reflector  is  then,  detennin^  from ^ 
the  FDI  display.  This  indicated,  r^hge  .i8//pf.’c:PursW 
from  the  actual  distance.  The  FDj  mea^sures 'dlstjMli5e -fS 
lengths,  and  the -wave  length  la  shorter/ In  the /dii^teeVrld^,//’^- 
sample.  After  the  Indicated  range  .has  been 'npt.edv;::the. sample 
Is  removed,,  .acid  this  .causes  the  indicated  ra^e  of  ^he  .‘J.  '  'f  ' 
reflector,  to. revert  to  Its  true  value.  The  reflecti.qr;ls 
then  moved  away  from  the  horn  until  its  Indicate  r«ige  "Is , 
the  same  as  It  had  been  with  the  sample  present.  The  refie'c^'or  ^ 
travel  required  to  do  this  Is  noted.  The  refractive  Index  Is 
then  calculated  as  follows  t  ‘  . .. 


where  t  Is  specimen  thickness,  d  is  the  reflector  travel,  aijd  7! 
n  is  the  refractive  index.  The  FDI  avoids  the  impossibly 
difficult  problem  of  generating  ultra-short  pulses  by  us^^Ing  - 
a  full-band  frequency  sweep  for  .determinihg  target  irange,  7Thus,  . 
taking  Ku-band  as  an  example  We/teve  a  frequency /tiwi  of 
12,4  -  18  GHz  used..  Fortunately  the  dielectric  .properties  .bf  . 
most  materials  cha^e  very  slowly  with  frsquenby  over  a  wave^ide  . 
band.  The  FDI  measurement  of  refractive  index  is,  6f  coixrse  a 

band  average,  adequate  for  most  purposes,  Thie  measurement  of. _ 

distance  is  good  to  about  lO.Oi  cm.  For  dielectrics  sucli’ as 
Plexiglas  or  polystyrene,  for  example,  the  refractive  index  is 
about  1.6  and  thus  with  a  1  cm  thick  slab  the  reflector-travel-^-— 
will  be  about  0.6  cm.  Assuming  .Mecuate.  precis  ion  in  measuring 
t,  the  uncertainty  in  n.  is  then  -0.6jf  for  Ku-baiid.  For  higher 
frequencles  and. thicker  specimens  accuracy  is,  of  course,^' 
better,  Spebimens  of  hl^  attenuation  are  measured  somewtet.,  „ 
less  accurately,  as  are  curved  specimens,  or  liquid  specimens 
in  tanks  (the  latter  because  of  multiple  reflections  frpm  the* 
tank  walls).  It  should  be  noted,  however,  that  curved  specimens,, 
or  specimens  with  irregular  surfaces  can  be  measured  for  a  rbi^^ 
check  if  a  loss  of  accuracy  is  acceptable,  and  curved  specimens 
can  be  compared  if  they  are  identically  positioned,  and  are.. of 
uniform  dimensions.  '■ 

As  regards  size,  the  1  cm  thick  specimen  used  in  the  .  , 
example  is  very  convenient.  Specimens  6"  thick  have  been  i. 
measured,  and  thin  ones  can  be  used,  but  with  the  obvious 
loss  in  precision.  The  cross  section  of  the  specimens  may^ 
be  as  small.as'2j"  X.2|"  for  Ku-beuid  (center  frequency  15  GHz) 
for  other  bhiids  the  size  increases  with  decreasing  frequency., 
and  vice-versa.  For  Ka-band  (center  frequency  22  GHz)  about,  . 
1-3/4”  square  specimens  suffice.  This  assumes  the  use  6t 
standard  gain  horns  of  approximately  20  db  gain.  With  lens., 
correction  smaller  specimens  can  be  used,  although  dlffractibn* - 
effects  prevent  collimatlon  of  a  microwave  beam  into  a  fine, 
line:  parallel  beams  and  focal  Spots  cannot  be  narrowed  do^...  .. 
below  a.^wav,eierigth.  The  limit  is  aperture  diffraction,  and.  . 
may' be  estimated  from  the  optical  formulas.  For  a  circular  7. 
aperture  a,  the  angular  half -width  of  the  main  lobe  (Airy’s. dike) 
is  given  by 

sin  fif  = 

ct 
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thus  an  aperture  of  2 A will  have  a  spread  of  about  38®  for 
the  main  lobe,  about  what  one  would  get  from  a  good  horn 
of  similar  aperture.  In  fact  this  is  the  sort  of  horn  generally 
used.  Thus  It  can  be  seen  that  It  Is  futile  to  attempt  to 
constrict  the  beam  to  a  diameter  much  below  two  wavelengths, 
since  It  will  spread  beyond  the  aperture.  The  limit  previously 
cited  for  specimens  In  Ku-baM  Is  about  3  X  for  the  center 
frequency. 

It  should  be  noted  that  for  many  dielectrics  the 
refractive  Index  does  not  change  very  much  between  1  and 
40  GHz  so  that  a  linear  extrapolation  Is  quite  adequate  In 
meuiy  cases,  and  measurements  can  be  made  In  Ka-band  with  a 
center  wavelength  of  9  mm  allowing  specimens  as  small  as 
1"  X  1**  with  no  loss  of  accuracy. 

FDI  units  can  now  be  made  for  any  band  between  L 
(1-2  GHz)  az^  Ka  (26  -  40  GHz).  Antenna  size  becomes 
Inconveniently  large  at  lower  frequencies,  and  full-band 
sweepers  and  ferrite  Isolators,  an  absolute  necessity,  are 
hard  to  come  by  above  Ka-band.  Extension  to  hlfpier  frequencies 
Is  quite  feasible  whenever  these  Items  of  equipment  become 
commercially  available. 

Applications 

The  Impetus  for  starting  research  in  the  P.M,  microwave 
technique  was  the  need  for  Inspecting  the  solid  propellemt 
In  the  26O"  diameter  rocket  motor.  During  the  feasibility 
demonstration  program  a  tack  surface  reflection  was  obtained 
off  a  52"  thick  solid  propellant  specimen  using  the  l-to-2 
GHz  microwave  band.  NASA  Is  now  sponsoring  a  program  for 
more  extensive  testing  with  Improved  equlianent  smd  larger 
propellant  samples. 

The  FDI  is  being  used  for  the  production  Inspection  of 
ablative  nozzle  skirts  used  in  the  Titan  family  of  rocket 
motors.  The  frequency  band  used  Is  26.5  to  40  GHz  (Ka-l»nd). 

A  paper  Is  being  presented  on  this  application  later  In  this 
conference. 

The  most  recent  application  has  been  on  randoms  used  in 
re-entry  bodies.  In  this  application  It  Is  used  to  measure 
both  variations  o  f  dielectric  constant  across  the  windows 
and  variations  from  window  to  window. 

Conclusions 


The  Frequency  Domain  Interferometer  can  be  used  to  Inspect 
nonmetalllcs  for  flaws  and  dielectric  constant.  Samples  fr<ai  a 
fraction  of  &si  Inch  thick  to  over  4  feet  thick  have  been  Inspected. 
Defects  down  to  2  mils  thick  can  be  detected  and  located  to 
10  mils  accuracy. 
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It  is  now  possible  to  measure  the  dielectric  constant  of 
production  parts  with  high  accuracy.  The  FDI  eliminates  the 
need  to  machine  samples  from  the  part  for  Insertion  Into  a 
waveguide.  It  also  permits  several  readings  to  be  taken  across 
the  face  of  the  part  to  determine  homogeneity. 
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ABSTRACT 


«tructural  chfiracterlstlcs  of  aoxale-exlt  components  for  large 
liquid-rocket  engines  are  discussed  and  a  description  of  honeycomb  glass' 
laminate  processing  and  MDT  history  is  presented. 

A  microwave  short-range  radar  signal  processing  unit  has  been 
developed  for  the  inspection  of  large  solid-rocket  grains  under  the 
sponsorship  of  KASA.  This  high-resolution  signal  processor  combined 
with  microwave  swept-frequency  generators  in  the  range  of  one-  to  40  (^z 
has  been  applied  to  the  inspection  of  nonmetallics. 

Initial  experltaents  on  sub-  and  full-scale  sections  demonstrated 
the  feasibility  of  microwave  inspections  andStachniques  for  automating 
a  sonic  inspection.  Inspection  objectives  were  established  and  a  sonic/ 
microwave  production  inspection  system  was  developed.  The  resulting 
system,  its  operation  since  July  1968,  and  inspection  data  are  described. 


INTRODUCnOH 


In  the  thrust  chamber  of  a  liquid  rocket  engine,  thermal  energy  of 
the  combustion  products  is  converted  into  the  kinetic  energy  of  exhaust 
gases  to  produce  thrust.  In  the  course  of  this  conversion,  nozzle  walls 
encounter  temperatures  considerably  in  excess  of  their  melting  points 
and  therefore  means  must  be  provided  for  cooling.  Three  basic  means  are 
available  for  providing  this  cooling  process:  (1)  regenerative  cooling 
wherein  the  liquid  propellants  are  circulated  around  the  chamber  exterior 
prior  to  entry  into  the  injector,  (2)  film  cooling  wherein  a  small  amount 
of  propellant  is  sprayed  on  the  interior  of  the  thrust  chamber  wall  and 
(3)  ablative  cooling  wherein  a  nonnetallic  surface  is  deliverately  allowed  ■ 
to  erode  and  char  at  a  controlled -rate.  Nonmetallic  ablative  materials 
are  used  chiefly  in  the  combustion  chambers  for  space  engines  where  pro¬ 
pellant  flow  is  insufficient  to  provide  adequate  cooling  and  in  nozzle 
extensions  or  "skirts"  whose  physical  size  interferes  with  the  achievement 
of  acceptable  propellant  flow  characteristics. 

The  environment  seen  by  ablative  nozzle  skirts  is  especially  severe. 

The  rapidly  increasing  gas  velocity  in  the  skirt  area  provides  good  condi¬ 
tions  for  heat  transfer  to  the  walls.  In  addition,  the  vibration  and 
gravity  forces  encountered  during  missile  firings  impose  additional 
threats  to  ablative  skirt  structural  integrity.  The  importance  of  this 
structural  integrity  cannot  be  overemphasized  since  it  relates  directly 
to  missile  performance.  It  may  be  shown  mathematically  that  optimum 
thrust  is  achieved  when  the  pressure  of  the  exhaust  gases  at  the  skirt 
exit  area  is  equal  to  the  atmospheric  pressure.  This  condition  is  achieved 


or  at  least  reasonably  approximated  by  designing  ablative  skirts  such  that 
the  ratio  of  throat  to  exist  area  mill  allow  sufficient  ejdiaust  gas  volume 
increaae  and  concurrent  pressure  drop  to  approach  atmospheric  pressure 
at  the  exit  area.  Obviously,  this  requires  some  compromise  since  a  missile 
encounters  continually  changing  atiaospheric  pressure  during  its  ascent. 
Despite  this  compromise,  however,  the  significant  point  remains  that  optimum 
missile  performance  depends  upon  the  design  and  proper  performance  of  the 
ablative  skirt  function.  If  the  ablative  skirt  is  consumed  by  the  heat 
of  the  eidtaust  gases  or  disintegrates  from  acceleration  forces,  less  than 
optimum  thrust  will  be  generated;  if  a  section  of  the  skirt  is  lost, 
undesirable  side  thrusts  will  be  created  for  which  the  missile  guidance 
system  may  or  may  not  be  able  to  compensate.  In  either  event,  the  success¬ 
ful  accomplishment  of  the  mission  objectives  will  ba  seriously  Jeopardized. 
Therefore,  the  structural  integrity  of  ablative  skirts  is  not  only  of 
definite  concern  but  developing  objective  evidence  of  that  integrity  pro¬ 
vided  nondestructive  testing  with  a  formidable  challenge. 

ABLATIVE  SKIRT  STRDCTDRE 

The  formidability  of  this  challenge  is  most  easily  visualized  from 
a  discussion  of  the  structure  and  fabrication  of  a  typical  ablative  skirt 
used  on  the  Titan  III  vehicle.  Figure  1  portrays  a  typical  skirt  in 
cross-section  with  the  thicknesses  of  the  various  layers  of  material 
exaggerated  for  illuatrative  purposes. 
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The  liner  or  inner-aoet  part  of  an  ablative  skirt  la  In  direct 
contact  with  the  hot  exhaust  gases.  It  la  fabricated  of  an  asbestos  tape, 
pre- Impregnated  with  phenolic  resin.  The  tape  la  wound  on  a  mandrel, 
cured,  and  the  outer  surface  machined  to  size.  The  Inner  or  as-molded 
surface  wrapped  on  the  mandrel  requires  no  machining.  Following  liner 
machlnltig,  several  layers  of  glass  cloth  are  bonded  to  the  machined 
surface  of  the  liner  and  also  cured.  These  layers  form  the  Inner  laminate. 
After  Inner  laminate  cure,  the  phenolic  honeycomb  Is  bonded  In  place 
with  a  film  adhesive  and  Its  outer  surface  contoured  to  print.  Finally, 
several  more  layers  of  glass  cloth  are  bonded  to  the  exterior  of  the 
honeycomb  and  this  exterior  layer  becomes  the  outer  laminate. 

ABLATIVE  SORT  TESTIMG  HISTORY 

Originally,  nondestructive  testing  of  this  structure  was  limited 
(excluding  visual  and  dimensional  checks)  to  a  dye  penetrant  Inspection 
of  the  liner  as-molded  surface  for  surface  cracks  and  delamlnatlons. 

(For  purposes  of  this  discussion,  delamlnatlons  are  defined  as  separations 
parallel  to  and  between  the  piles  or  layers  of  tape,  whereas  cracks  are 
defined  as  separations  occurring  across  the  piles.)  The  presence  of 
cracks  or  delasdnatlons  Is  particularly  critical  since  they  could  permit 
hot  gases  to  enter  the  Inner  laminate  area  iriilch  Is  not  designed  to  with¬ 
stand  such  a  condition.  If  delaatlnatlons  are  present  In  the  liner  struc¬ 
ture  which  are  not  open  to  the  as-molded  surface,  dye  penetrant  Inspection 
will  not  detect  this  condition.  Such  delandnatlons,  however,  any  become 
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open  to  the  as-molded  surface  as  that  surface  erodes  and  chars  during  an 
engine  firing.  As  a  result,  dye  penetrant  alone  is  not  sufficient  to 
adequately  characterize  the  condition  of  the  liner  with  respect  to  cracks 
and  oelaminatione.  Moreover,  dye  penetrant  will  not  detect  the  presence 
of  Inclusions  between  the  plies  which  can  also  contribute  to  structural 
weaknesses  in  the  liner. 

Since  no  NDT  methods  were  available  to  satisfactorily  inspect  the 
remainder  of  the  skirt  structure,  reliance  was  placed  upon  in-process 
control  to  ensure  skirt  reliability.  Raw  materials  were  subjected  to 
laboratory  analy^'is  to  ensure  conformance  to  the  applicable  material 
specifications,  and  in-process  conditions  such  as  cure  temperatures  were 
closely  monitored.  However,  the  state-of-the-art  in  nonmetallics  manu¬ 
facture  often  produces  a  measurable  degree  of  lot-to-lot  variability  for 
the  pre-impregnated  materials  used  in  liners  and  laminates.  This  con¬ 
dition  tends  to  diminish  confidence  in  the  nearly  exclusive  use  of  raw 
material  and  in-process  ontrols.  As  a  result,  the  Air  Force  asked 
Aerojet  to  recommend  the  developtaent  and/or  adoption  of  applicable  NDT 
techniques  for  inspecting  the  entire  skirt  structure.  The  possible 
defects  which  the  NDT  techniques  should  be  able  to  derect  were: 

Part  or  Interface  Possible  Defects 

Liner  Cracks,  Delaminations,  Inclusions 

Liner  to  Inner  Laminate  Unbond 

Inner  Laminate  Delsminations 

Inner  Laminate  to  Honeycomb  Unbond 


Part  or  Interface 


Posalble  Defects 


Honeycomb  Ciuahing  of  either  face 

Honeycomb  to  Outer  Laminate  Unbond 
Outer  Laminate  Delamlnatlona 

Experience  had  Indicated  that  X-ray  was  unable  to  resolve  any  of 
these  defects  In  the  relatively  small  size  range  believed  Important.  It 
was  also  known  that  ultrasound  was  limited  by  Its  Inherent  Inability  to 
penetrate  beyond  the  first  discontinuity;  and  the  limitations  of  pene¬ 
trant  Inspection  discussed  earlier  were  equally  well-known. 

With  these  NDT  methods  essentially  eliminated  from  further  considera¬ 
tion,  attention  was  turned  to  possible  application  of  a  sonic  tap  test. 
Experience  had  Indicated  that  coin  tapping  of  ablative  skirts  produced 
audible  variations  corresponding  to  differences  In  honeycomb  and  outer 
laminate  quality.  Application  of  this  technique  was  regarded  as  promising 
provided  that  the  subjective  Interpretation  of  human  hearing  could  be 
replaced  with  electronic  signal  processijig  and  penunent  data  recording. 

Simultaneously,  it  appeared  probable  that  swept-frequency  microwave 
techniques  under  exploratory  development  at  Aerojet^  for  Inspection  of 
solid  propellant  could  be  applicable  to  other  coBq>osite  materials  such  as  " 
those  which  co(tq>rlsed  the  ablative  skirt  liner  and  inner  laminate.  In 
addition,  both  the  sonic  and  microwave  techniques  possessed  theoretical 
limits  of  detection  compatible  with  the  sizes  of  defects  that  the  tentative 
Inspection  criteria  considered  desirable  for  detection. 


^Cribbs,  Robert  W. ,  Microwaves  ^  Nondestructive  Testing;  Conference 
on  NDT  of  Flastic/Cooqtoslte  Structures,  March  1969,  Dayton,  Ohio 
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On  the  basis  of  these  theoretical  considerations,  a  feasibility 
study  was  undertaken  using  samples  with  known  defects.  For  these  studies, 
a  2  X  2  ft  panel  duplicating  the  skirt  configuration  was  fabricated  in 
the  laboratory.  A  saw  cut  was  used  to  simulate  a  liner  crack;  metal  shims 
were  inserted  at  various  interfaces  in  the  laminates  and  bond  lines  and 
removed  after  cure  to  sismlate  unbond  and  delamination  conditions;  a  wheel¬ 
like  device  was  assembled  to  crush  honeycomb  in  a  manner  which  was  repre¬ 
sentative  of  skirt  handling- tooling  misalignment. 

For  purposes  of  the  sonic  feasibility  study,  a  mechanical  impactor 
or  ’’tapper"  was  built.  This  tapper  consisted  of  an  AC  motor  driving  a 
cam-actuated  arm  to  "tap"  the  skirt  specimen  at  precise  intervals  with 
constant  strength.  A  microphone  picked  up  this  sound,  filtered  the  signal, 
and  displayed  it  on  a  recorder.  This  phase  of  the  feasibility  study  was 
extended  to  a  full  scale  skirt  which  had  suffered  handling  damage  to  its 
honeycomb  layer.  It  was  shown  conclusively  that  crushed  honeycomb  and/or 
delandnaced  outer  laminate  areas  of  a  skirt  resonated  differently  when 
tapped  than  did  acceptable  areas,  and  that  the  frequency  differences  were 
sufficient  for  meaningful  data  recording. 

Simultaneously,  the  microwave  study  was  progressing  to  demonstrate 
its  feasibility.  It  was  learned  that  satisfactory  defect  resolution  re¬ 
quired  operation  in  higher  frequencies  than  had  been  previously  investi¬ 
gated  but  that  the  signal  processing  equipment  was  capable  of  responding 
to  this  requirement  since  it  handles  only  the  difference  frequencies 
between  transmitted  and  reflected  signals.  The  defect  specimen  was 
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subjected  to  a  microwave  Inspection  using  a  hand-held  probe  or  horn  and 
the  laboratory  electronics  bread-boarded  for  previous  microwave  develop¬ 
ment  studies.  The  results  of  these  efforts  are  depicted  in  Figure  2 
wherein  the  response  of  this  laboratory  microwave  equipment  clearly 
indicates  the  presence  of  the  known  defects. 

PROTOTYPE  EQUIPMENT  DEVELOPMENT 

Based  upon  the..encouraging  results  of  the  feasibility  studies, 
plans  were  formulated  to  design,  fabricate.  Install  and  checkout  an 
actual  Inspection  system  for  Titan  III  skirts.  The  following  criteria 
were  established  for  performance  of  the  system: 

1.  The  system  and  associated  skirt  handling  tooling  must  be 
sufficiently  flexible  to  accommodate  the  three  different  sizes  of  ablative 
skirts  being  manufactured. 

2.  The  system  must  be  able  to  detect  flaws  as  small  as  1/4  x 
1/4-in.  during  microwave  Inspections  and  1/2  x  1/2-in.  during  sonic 
inspections. 

3.  The  read-out  must  be  able  to  provide  flaw  size  Information. 

4.  The  read-out  must  be  able  to  relate  defect  indications  to  their 
respective  locations  on  the  skirt  being  Inspected. 

5.  The  system  should  be  operable  by  bargaining  unit  inspectors 
(as  opposed  to  the  engineers  who  performed  the  feasibility  studies)  and, 
therefore,  should  be  as  nearly  automatic  as  possible. 

The  design  of  the  system  was  begun  in  February  of  1968  and  contracts 
for  its  manufacture  were  let  in  April  of  that  year.  By  the  middle  of  June, 
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PROPULSION  DIVISION 

Figure  2 


lnstall«tloa  of  all  ayatem  componenta  was  compleCe  an(3  checkout  was 
begun  uaing  both  available  ablative  akirts  and  subecajO  defect  epdcifflsns 
alnilar  to  the  one  described  earlier. 
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EQUIPMEMT  COdPCTlZNTS 

Figures  3  through  7  show  the  completed  ayatem  it  (Currently 
exists  and  is  being  used  to  inspect  ablative  skirts.  By  reference  to 
these  figures  it  is  also  possible  to  see  'avv  ell  the  perfomance  criteria 
were  achieved. 

Inspection  Unit 

Figure  3  illustrates  the  basic  inspection  unit.  In  the  approximate 
center  of  the  unit  is  the  turntable  upon  which  the  skirts  rest  during 
inspection.  The  top  of  the  unit  or  ’‘bridge"  is  removable  for  positioning 
a  skirt  on  the  turntable  prior  to  inspection  or  removing  it  afterward. 

Only  two  cannon  plugs  are  disconnected  to  permit  bridge  removal  or 
reconnected  when  the  bridge  is  replaced  on  the  unit.  Suspended  from  this 
bridge  is  the  microwave  carriage  and  its  associated  drive  mechanisms 
which  fit  inside  the  skirt.  To  the  right  of  the  skirt  is  the  sonic  tapper 
and  its  drive  mechanisms.  The  main  drive  motor  is  located  at  the  lower 
left  of  the  unit  where  it  is  connected  directly  to  both  the  turntable  and 
a  selsyn  transmitter.  Two  independent  selsyn  receivers  drive  the  micro¬ 
wave  carriage  and/or  sonic  tapper  vertically  by  means  of  the  leadscrews 
shown.  In  this  manner,  Che  relationship  of  turntable  rotational  and 
microwave  or  sonic  vertical  travel  speeds  is  kept  constant  permitting 
1  in.  of  vertical  travel  per  turntable  revolution,  regardless  of  turntable 
speed. 
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FIGURE  3  BASIC  INSPECTION  UNIT 


Figure  4  Is  a  cXoae»up  view  of  the  cilcrowave  carriage  showing  not 
only  Ite  leadacrew  drive  but  also  the  oscillator,  antenna  or  horn,  and 
interconnecting  wave  guide.  The  negator  springs  hold  the  horn  against 
the  interior  of  the  skirt  with  constant  pressure  despite  the  constantly 
changing  skirt  radius. 

Figure  5  is  a  comparable  close-up  of  the  sonic  tapper.  The  wheel 
allows  the  tapper  to  ride  along  the  skirt  exterior  at  a  relatively  fixed 
position  so  that  each  tap  will  strike  the  skirt  with  equal  force. 

Megacor  springs  are  used  here  also  to  maintain  a  constant  wheel  pressure 
against  the  skirt.  The  microphone  picks  up  the  sound  of  the  tapper  as  it 
strikes  the  skirt  and  transmits  this  sound  to  the  control  console  shown 
in  Figure  6. 

Control  Console 

The  rlghthand  side  oC  the  control  console  contains  the  oscilloscope, 
turntable  and  vertical  drive  controls,  and  t  »e  microwave  sweep  generator. 
The  oscilloscope  portrays  the  entire  depth  trace  of  the  microwave  signal. 
For  recording  purposes,  as  many  as  three  discrete  depths  along  this 
trace  may  be  selected.  These  depths  are  selected  by  positioning  electronic 
gstss  along  the  depth  trace  aa  portrayed  on  the  oscilloacope.  Each 
depth  selected  produces  cnitput  on  one  of  the  three  recorder  channels. 

Hxe  drive  controls  permit  selection  of  sonic,  mlcroweve  scd/or 
turntable  drives,  adjustment  of  the  speed  from  0.5  to  6.0  rpm,  and  choice 
of  either  up  or  down  directions  for  the  vertical  drive  as  well  as  clock¬ 
wise  or  counterclockwise  turntable  rotation. 

The  sweep  generator  provides  an  Input  to  the  oscillator  causing  it 
to  sweep  the  microwave  frequencies  in  the  Ka  Band  (26.5  to  40  GHs)  at  a 
repetition  rate  of  1,000  times  per  second. 


FIGURE  5  SONIC  TAPPER 


lti«  tticrovavt  controls  for  depth  selection,  phasing,  gain,  and  the 
like  are  located  at  the  top  left  of  the  console.  Three  identical  sets 
of  controls  are  available  for  independent  settings  of  each  of  the  three 
available  recording  channels.  Belov  these  aicrowave  controls  are  the 
three  channela  of  sonic  inspection  controls.  The  large  dials  adjust  the 
low  and  high  pass  filters  which  detexaine  which  band  of  sonic  frequencies 
will  be  recorded  on  each  channel.  Zero-suppression,  liadLting  gain,  and 
tiae-constant  controls  are  also  available  for  each  channel  increasing  the 
flexibility  of  data  presentation. 

Becorder 

Figure  7  Shows  the  three  channel  drua  recorder  on  which  either  sonic 
or  aicrowavc  data  aay  be  displayed.  The  pene  are  of  the  heated  stylus 
type  idiich  ellainated  the  ink  eliding  probleas  often  encountered  on  long 
runs  with  ink-pen  recorders.  The  aost  significant  feature  of  this  recorder 
is  its  synchronisation  with  both  the  rotational  and  vertical  drives  of 
the  inspection  unit.  The  druas  revolve  once  for  each  turntable  rotation 
and  the  pens  wove  left  or  right  1/2  in.  for  every  vertical  inch  of  aicro- 
wsve  carriage  or  sonic  tapper  travel.  Moreover  Ae  drua  circuaference  is 
exactly  IB-in.  so  that  each  inch  of  this  circuaference  corresponds  to  20** 
of  arc  on  the  skirt  beii^  inspected,  x'egardless  of  its  site  or  configuration. 

SYSTBf  OFEBATIOB 

After  the  skirt  is  positioned  on  the  turntable,  th.^  aicrowave 
carriage  is  driven  to  the  top  and  the  horn  slid  into  contact  witii  the 
as-aolded  surface  in  line  vidi  an  arbitrarily  established  skirt  sero. 
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FIGURE  7  THREE-CHANNEL  DRUM  RECORDER 


Tht  otcillotcopt  tract  la  uaad  to  aatabliah  tha  da8lra4  Inapaetioa  daptha 

and  tha  apaad  control  la  act  for  approxlMtaly  2  rpa.  Aa  tha  tumtabla 

rotataa  and  tha  laadacrtN  drtvaa  tha  aicrowava  carrlaga  down»  a  aplral 
"  .1 

inapactlcn  pattam  la  inacrlbad  ovar  tha  antlra  aa-aoldad  aurfaca.  The 

data  ia  procaaaad  alactronlcally  and  dlaplayad  on  tha  drua  recorder. 

Fipura  8  ia  a  photograph  of  tiia  data  from  ona  diannal  during  an 
In-procaaa  luapactlon  of  a  akirt  liner  vltit  Inner  laalnata  applied.  The 
layara  of  glaaa  cloth  ahldi  coaprlaa  the  Inner  laadrata  are  applied  In 
tvelre  double  overlapping  aectlona  and  theae  overlapa  are  clearly 
Indicated  on  die  recorder  trace.  8o  defecta  were  found  In  title  particular 

akirt*  / 

/ 

.  / 

At  tite  coaeltt8l<m  of  a  run  In  ehlch  a  cutset  area  haa  bean  noted* 
tite  carriage  la  returned  to  an  area  an  Inch  otj  to  above  the  auapect  area 
and  *^ppin^  acana  are  aede.  Por  tiieae  acana*  tite  akirt  ia  Inapected 
during  one  rotational  turn*  the  carriage  ao^  downaard  1/A>ln.  and  a 
aecond  rotational  acan  la  acconpliahed.  Thla  alternate  vertical  and 
rotational  proceaa  la  continued  until  a  ccnplete  nap  of  the  auapect  area 
la  on  the  recorder.  An  exnuple  of  title  type  of  napping  la  titena  on 
Figure  9.  Three  aerlea  of  acana  were  made  on  thla  occaaion  In  an  effort 
to  determine  optlaum  c<Htdltloea  for  napping*  but  <me  auch  aerlea  ia 
normally  aufflclent.  I>etcmloaci<Ht  of  defect  height  and  vidtit  durli^  vidi 
napping  acana  retiree  conaideracico  of  the  overlapping  effect  of  tite  nlero> 
wave  horn  wltit  reapect  to  the  actual  defect  dinenalona.  Thla  altuatlon 
and  Ita  aolutlon  are  llluatrated  In  Figure  10  ualng  a  IImt  delanlnaclmt 
aa  an  exanple. 
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Depth  of  a  suspect  area  within  a  part  Is  deteraiced  partly  by 
knowledge  of  the  original  depth  settings  and  the  channel  or  channels  on 
which  the  defect  indication  appeared.  This  Information  is  usually 
supplemented  by  comparing  the  entire  depth  trace  on  the  oscilloscope  with 
equivalent  presentations  obtained  from  the  defect  specimens  mentioned 
previously.  Figure  11  illustrates  this  principle  by  using  double  exposure 
scope  photographs  wherein  the  "A"  trace  represents  the  signal  from  the 
indicated  type  of  defect.  On  these  scope  photos,  the  first  major  peak 
from  the  left  represents  the  specimen**  front  surface  reflection  and 
depth  into  the  part  increases  toward  the  right.  On  Figure  11,  fcha  upper 
photograph  displays  a  built-in  defect  slightly  deeper  into  the  specimen 
than  does  the  lower  photograph  and  the  major  change  in  the  trace  occurs 
somewhat  further  to  the  right  for  this  slightly  deeper  defect. 

The  sonic  system  processes  signals  obtained  by  tapping  ablative 
skirts  in  essentially  the  manner  shown  on  Figure  12.  After  the  character¬ 
istic  frequency  spectra  had  been  determined  experimentally  for  each  skirt 
configuration,  it  is  a  relatively  simple  process  to  set  the  frequency 
controls  to  pass  only  the  desired  signals.  Only  two  channels  are  shown 
being  used  in  Figure  12,  but  the  third  is  normally  sec  to  duplicate  the 
lower  trace  as  backup  Inforoation  since  a  suspect  area  is  somewhat  more 
apparent  on  this  type  of  trace.  The  sonic  tapper  inscribes  a  spiral 
pattern  on  Che  exterior  of  the  skirt  comparable  to  that  of  Che  microwave 
horn  on  the  interior.  As  a  result,  the  locstion  of  suspect  areas  can  be 
determined  from  the  recorder  read-out  in  substantially  Che  same  manner. 
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The  sonic  syscem  will  not  depth-differenciate  between  outer  leainete  end 
honeycomb  defects;  but  this  information  proved  unnecessary  since  a  repair 
of  either  layer  is  normally  accomplished  by  replacement  of  both  the  honey- 
comb  and  outer  laminate  layers  in  the  defective  area. 

CONCLUSIOH 

The  sonic/microwave  syatem  for  inspection  of  ablative  skirts  has  been 
in  virtually  continual  operation  since  July  of  1968.  Skirts  receive 
microwave  Inspections  following  fabrication  of  the  liner  and  again  after 
addition  of  the  inner  laminate  to  the  liner.  Following  application  of  the 
honeycomb  and  outer  laminates,  skirts  receive  both  sonic  and  microwave 
inspections  after  which  the  article  is  essentially  ready  for  delivery  as  a 
completed,  acceptable  unit. 

The  program  to  develop  these  NDT  methods  for  Titan  III  Ablative 
Skirts  may  be  characterised  as  a  conqilete  success.  All  inspection  goals 
were  achieved  and,  in  less  than  12  months,  both  sonic  and  microwave 
techniques  progressed  through  feasibility  study,  completed  prototype 
development,  and  have  become  routine  nondestructive  testing  methods  for 
all  ablative  skirts. 
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FOREWORD 


This  paper  describes  a  new  method  of  three- 
dimensional  analysis  of  weld  defects  developed  at  the 
Space  Division  of  North  American  Rockwell  Corpora¬ 
tion.  The  author  would  like  to  express  his  thanks  to 
several  persons:  to  B.  J.  Huffman,-  who  not  only 
designed  and  directed  the  construction  .of  the  shape 
reconstruction  computer  but  also  contributed  to  other 
phases  of  the  problem;  to  Miss  J.  A.  Brown  and 
J.  H.  Bosler,  who  performed  most  of  the  X-ray  work; 
to  R.  C.  Setzer,  who  did  a  great  deal  of  program- 
noing  and  other  mathematical  calculations;  and  to 
S.  Young,  Jr. ,  and  R.  G.  Poe,  who  carried  out  micro- 
densitometric  and  other  work. 
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ABSTRACT 


A  new  process  that  gives  a  three-dimensional 
picture  of  the  shape  and  location  of  invisible  discon¬ 
tinuities  (gas  holes,  cracks,  etc. )  in  metallic  or 
nonmetallic  materials  has  been  reduced  to  practice. 

Two  X-ray  films  of  the  defective  structure  are 
taken  from  different  angles,  with  a  provision  for 
accurate  registration  between  them.  A  standard  wedge 
of  the  same  composition  is  X-rayed  simultaneously. 
Density  readings — obtained  from  microdensitometer 
scans  at  given  intervals — are  converted  into  thickness 
values,  with  a  correction  for  scattering  if  necessary. 
The  resulting  data  arc  digitized  and  put  on  tape.  This 
is  fed  into  a  specially  built  "shape  reconstruction  com¬ 
puter,  "  which,  by  means  of  a  novel  superposition  algo¬ 
rithm,  computes  for  each  scan  the  cross  section  of  the 
defect  and  displays  it  on  its  cathode  ray  tube.  Tape 
feed,  computation,  and  photography  of  the  CRT  display 
take  only  a  few  seconds.  A  series  of  cross  sections 
yields  a  three-dimensional  picture. 

Samples  of  sheet  alun.  — un  and  welds  containing 
defects  were  analyzed  in  this  manner.  Very  good 
agreement  was  obtained  when  computer -derived 
pictures  of  shape  and  location  of  the  defects  were  com¬ 
pared  with  photographic  enlargements  of  the  sectioned 
samples. 
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INTRODUCTION 


Faxiltiess  welding,  xinder  the  best  of  circumstances,  is  no  simple  task. 
For  a  large  structure,  and  particularly  one  used  in  manned  space  flight,  its 
problems  lie  at  the  boundary  of  present  technology.  Integrity  of  welded 
junctures  is  of  such  concern  that  large  amounts  of  effort  and  money  are  spent 
just  for  inspection,  repair,  and  re -inspection. 

For  most  defects — porosity  voids,  incomplete  penetration,  incomplete 
fusion,  longitudinal  oxide  folds,  etc.  — acceptance  or  rejection  of  the  weld 
depends  on  the  type,  size,  and  location  of  the  fatilty  areas.  Since  a  single 
X-ray  film  shows  only  the  projection  of  a  defect  onto  the  x-y  plane,  it  gives 
only  limited  information  on  these  three  characteristic  features.  Inspection 
of  the  Him  tells  little  about  the  depth  of  the  defect  and  nothing  about  vdiether 
it  is  closer  to  the  outer  or  inner  surface  of  the  structure.  Occasionally  two 
pictures  are  taken  to  locate,  by  triangulation,  the  z  distance  of  some  ill- 
defined  part  of  the  defect.  Almost  nothing,  however,  is  known  about  its 
three-dimensional  shape. 

Many  advantages  could  be  expected  from  a  precise  three-dimensional 
picture  of  defects  obtained  through  non -destructive  testing.  First,  there 
would  be  a  saving  in  repair  costs  from  the  knowledge  of  where  to  start  the 
repair  work  and  how  far  to  go.  Next,  there  would  be  the  benefit  of  di^eren- 
tiating  between  a  defect  in  a  non-stress  region  (vdiere  the  weld  may  be 
acceptable)  and  a  stress  region  (where  it  has  to  be  rejected).  There  also 
wotdd  be  the  possibility  of  finding  a  crack  underneath  a  harmless  gas  hole. 
There  are  probably  other  shape -specific  features  that  would  permit  a  redef¬ 
inition  of  the  acccpt-reject  criteria  in  sharply  defined  terms.  Adoption  of 
the  new  criteria,  together  with  routine  three-dimensional  measurements, 
would  lead  to  a  better  assessment  of  the  integrity  of  a  welded  section.  The 
resulting  combination  of  higher  reliability  and  lower  repair  cost  would  be  a 
notable  advance  in  welding  technology 

This  report  describes  a  novel  method  which  yields  the  desired  three- 
dimensional  description  of  the  shape  and  location  of  voids,  inclusions,  and 
other  defects.  Accurate  densitometric  records  of  two  X-ray  pictures  of  the 
defect  taken  at  known  angles  are  obtained  for  selected  planes  (profiles)  of 
the  defect.  F rom  these  records  precise  location  limits  of  the  defect  can  be 
read  off  almost  immediately.  Density  data  are  converted  into  metal  thick¬ 
ness  values  along  two  directions;  a  novel  superposition  algorithm  combines 
the  thickness  values  into  a  picture  of  the  cross  section  of  the  defect.  A 
special-purpose  "shape  reconstruction  computer" — built  to  use  the 
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superposition  algorism — is  fed  a  tape  of  the  digitized  data.  Within  a  few 
seconds  it  connputes  and  displays  on  its  cathode  ray  tube  the  desired  cross 
section  of  the' defect  for  each  profile  pair.  Several  cross  sections  yield  a 
three-dimensional  description.  As  test  cases,  several  defective  aluminum 
samples  and  welds  containing  flaws  were.  X  rayed  and  analyzed. 

The  method  can  be  used  easily  with  other  materials  and  in  other  tech¬ 
niques.  Instead  of  filmed  X-ray  records  one  could  employ,  for  example,  a 
system  in  which  a  beam  of  collimated  gamma  rays  scanning  the  sample 
sequentially  is  measured  by  scintillation  counters  and  either  recorded  on 
magnetic  tape  or  fed  directly  into  the  shape  computer.  Other  forms  of 
directed  energy  (e.  g. ,  neutrons,  ultrasonics)  coxild  be  used  to  map  properties 
of  an  \uiknown  sample  by  the  correlation  of  two  or  more  signals  obtained  after 
absorption,  reflection,  refraction,  or  scattering.  While  the  present  investi¬ 
gation  deals  with  metal  voids  and  inclusions,  other  structural  features  in 
metals  and  non-metals  can  be  determined.  The  application  to  medical  radi¬ 
ology  (bone  density  and  bone  shape)  is  obvious  and  was  actually  the  starting 
point  of  this  investigation.  The  extension  of  the  method  to  otlier  techniques 
and  materials  will  be  handled  in  later  reports. 
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SINGLE- FILM  RADIOGRAPHY 


The  method  of  obtaining  quantitative  data  from  a  single  X-ray  film 
combines  the  technique  of  ordinary  industrial  or  medical  radiography  (see 
Reference  1)  for  x-y  information  with  that  of  film  densitometry  (Reference  2) 
for  z  data.  Figure  1  shows  the  essential  features  of  the  method. 

Figure  lA  depicts  schematically  the  X  raying  of  an  aluminum  block 
(with  a  hole)  and  a  calibration  wedge  of  the  same  material.  It  is  conve:nent 
to  use  a  coordinate  system  with  the  origin  at  the  left  lower  corner  of  the 
block;  the  x  direction  is  thus  from  left  to  right  of  the  figure,  z  represents  the 
thickness,  and  "profile"  refers  to  a  given  y  value.  This  coordinate  system 
remains  firmly  anchored  in  the  block  even  though  the  latter  may  be  moved. 

The  developed  film  is  shown  in  Figure  IB.  Using  an  X-ray  tube  with  a 
small  focal  spot  and  a  film  with  a  fine-grained  emulsion  and  a  steep  charac¬ 
teristic  curve  (blackening  versus  logarithm  of  relative  exposure),  one  obtains 
a  picture  of  good  definition  and  sharp  contrast.  Scattering  effects  must  also 
be  low  (this  is  true  for  aluminum  of  not  more  than  moderate  thickness). 

Figure  1C  shows  in  schematic  form  the  recording  made  by  a  densitom¬ 
eter  at  the  profile  (y  plane)  BiB2.  Curve  Cq  to  Cg  shows  the  film  density 
obtained  in  the  recording.  Block  and  wedge  reduce  the  intensity  of  the  X-ray 
beams,  largely  through  absorption.  Under  ideal  conditions  and  for  mono¬ 
chromatic  X  rays,  the,  fractional  reduction  is  proportional  to  the  narrow  beam 
attenuation  coefficient,  p  ,  and  to  the  layer  thickness,  dz,  : 


I 

Ordinary  X  rays,  however,  emit  a  whole  spectrum  of  wave  lengths 
which,  together  with  secondary  effects  (geometry  and  buildup  factor),  pre¬ 
vent  the  determination  of  the  thickness  z  through  integration  of  the  equation 
(Reference  3).  In  lieu  of  theory,  an  experimental  internal  standard  (e.  g.  ,  a 
wedge  of  known  thickness)  is  used  and  the  unknown  is  compared  with  this 
standard  in  the  hope  that  differences  in  geometry  do  not  seriously  influence 
the  results.  In  Figure  1C  the  calibratior.  wedge  produces  a  gradual  nonlinear 
density  reduction  between  C4  and  Cy.  The  wedge  also  corrects  for  density 
changes  due  to  film  development  and  other  factors. 
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Figure  1,  X  Rays  and  Pboiographic  Density 


Comparing  lines  of  equal  D  value,  one  finds  that  the  block  has  a  thick¬ 
ness  25  outside  the  hole  and  25  at  the  center  of  the  hole.  Maximum  hole 
depth  thus  equals  25  -  zg.  Figure  Z  shows,  on  a  larger  scale,  the  graphical 
construction  (inverse  function  formation,  which  is  easily  computerised)  by 
which  all  hole  (or  thickness)  dimensions  in  the  neighborhood  of  point  C3  of 
Figiire  1C  can  be  found.  In  Figure  2 A,  the  density  ^^ecord  of  the  calibration 
wedge  C4  to  Cy  of  Figure  1C  has  been  changed  from  a  D-x  to  a  D-z  plot.  The 
density  of  the  sample  near  the  hole  is  shown  in  Figoire  2B  as  the  D-x  densiom- 
etrr  recording.  Figure  2C  gives  as  the  result  of  a  simple  construction 
(dashed  lines)  the  curve  T2(x),  the  sample  thickness  in  the  z  direction  as  a 
function  of  x.  Assuming  that  the  sample  has  a  uiiiform  external  thickness, 

T2  max,  the  shaded  area  indicatee  hole  thickness. 

This  shaded  area  is  the  total  information  on  the  hole  cross-section  at 
the  plane  Bg  that  may  be  obtained  from  single -film  densitometry.  It 
points  out  the  fundamental  limitations  of  the  method.  In  the  first  place,  it 
says  nothing  about  the  location  of  the  hole  along  the  z  axis  (i.  e. ,  whether  it 
is  near  the  upper  or  lower  face  of  the  block).  Secondly,  an  ixifinity  of  shapes 
is  consistent  wiUi  the  shading.  The  shape  may  be  an  elliptical  void,  or  a 
void  hiding  a  crack,  as  shown  in  Figure  2D.  Finally,  two  or  more  separate 
voids  whose  combined  thickness  (for  each  x)  equals  that  of  the  shaded  area, 
are  consistent  with  the  res^llts  shown  in  Figures  IB,  IC,  and  2C.  To 
describe  the  holes  in  terms  of  location  and  shape,  a  different  approach  is 
needed. 
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SUPERPOSJTION  OF  TWO  FILMS 

Th-ee-dimensionai  cxjasiping  by  X  rays,  described  for  the  first  time  in 
this  report,  is  ba.sed  on  the  correlation  of  densitometric  information  from 
t*Jvo  or  more  X-ray  films  taken  at  an  angle  to  each  other. 

The  process  is  the  equivalent  of  photogrammetry,  a  method  of  terrain 
mapping  with  the  ftid  of  two  or  more  photographs.  A  single  photograph, 
representing  the  mapping  of  space  through  a  central  prcje'jtion  onto  a  plane, 
yielus  only  limited  dimei>8ional  information.  In  photogrammetry,  two  or 
more  such  central  projections— usually  photographs  taken  from  an  airplane— 
are  combined  into  a  map  that  contains  separate  terrain  (x,  y)  features, 
contour  lines  (2),  etc.  The  combination  process,  essentially  a  linear  trans¬ 
formation  (Reference  4’/,  is  performed  by  special  drafting  machines  first 
developed  in  Germany  in  the  1920*8,  More  than  80  percent  of  all  maps  in  the 
U.  S.  are  now  prepared  in  this  manner. 

The  image-formation  process  for  X  rays  is,  luifortunately,  totally 
different  from  that  for  optical  rays.  In  lieu  of  sharp  shadows  of  objects,  one 
obtains  only  density  gradations  which  follow  complicated  absorption  and 
photographic  interaction  laws;  the  comparatively  simple  linear  transformation 
is  not  x-alid  at  all. 


To  illustrate  the  new  X-ray  mapping  process,  the  same  example  as 
in  Figure  1  (the  block  wich  hole  plus  standard  wedge)  will  be  used.  The  first 
X-ray  film  is  taken  as  before.  For  the  second  X-ray  the  block  (but  not  the 
wedge)  is  turned  on  its  left  side  (i.  e. ,  on  the  y-z  pleuie  so  that  the  X-rays 
are  now  parallel  with  the  x  axis).  The  density  of  the  developed  film  is 
recorded  for  the  same  y  profile  (the  plane  determined  by  BiBg)  and  yields 
a  graph  Cq  to  Cg  (not  shown)  similar  to  Cg  to  Cg  of  Figure  1C.  From  this 
graph  the  thickness  of  the  block  in  the  x  direction,  Tx(z),  can  be  determined 
as  before  for  all  values  of  z.  A  convenient  arrangement  of  the  two  thickness 
functions  together  with  the  object  that  they  describe  is  given  in  Figure  3. 

Figure  3A  shows  schematically  a  cross-section  of  the  block  taken  at 
profile  y=yo»  with  an  invisible  elliptical  hole  near  the  lower  right  corner. 
Figure  3B,  repeating  Figm-e  2C  in  a  downward  manner,  gives  the  thickness 
of  tbs  block  in  the  z  direction,  T2(x),  while  Figure  3C  shows  in  a  similar 
manner  the  thickness  in  the  x  direction,  Tx(z).  The  length  unit  is  the  same 
in  all  parts  of  tlie  figure. 
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Figure  3.  Three>Oiinensional  Location  of  a  Discontinuity 

The  spatial  location  of  the  hole— or  rather  its  cross-sectional  limits  at 
the  plane  y=yo — can  nov  be  read  off  ixnmediately.  The  sudden  change  of 
thickness,  Tz{x)  at  points  I  and  J  locates  the  left  and  right  limits  at  xj  and 
X2  (dashed  lines);  similarly  K  and  L  determine  zj  and  Z2.  A  characteristic 
rectangle,  DEFG  (dashed  lines),  is  thus  defined,  the  sides  of  which  are 
tangents  to  the  hole  ih  the  x  and  z  directions. 

Although  the  location  limits  of  the  hole  are  very  easily  determined,  its 
shape  is  a  more  formidable  problem.  Hole  thickness,  T,  in  each  dimension 
is  given  by  the  difference  between  maximum  and  actual  thickness, 

Tz(x)  =  T^^*  -  Tz(x)  and  Tx(z)  =  T^^  -  Tx(z),  and  is  thus  shown  as  the 

inversion  of  the  curves  IMJ  and  KNL,  respectively.  The  situation  is  illus¬ 
trated  on  an  enlarged  scale  in  Figure  4,  which  is  restricted  to  the  dimensions 
of  the  hole.  The  problem,  now  one  of  pure  geometry,  can  be  stated  as 
follows:  "Given  the  thickness  values  of  a  closed  curve  in  two  perpendicular 
directions,  determine  the  perimeter  of  the  curve.  " 

The  difficulty  of  the  problem  lies^in  the  fact  that  although  at  any  level 
(e.  g. ,  at  Zq)  the  curve  thickness  is  given  by  the  length  Tx(zo),  the  location 
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of  the  end  points  P  and  Q  is  lutknown.  No  generally  valid  answer  to  the  prob¬ 
lem  seems  to  exist  (References  5,  6)  although  approaches  using  power  or 
Fourier  series  coefficients  look  not  tmpromising.  At  this  time,  the  author's 
algorithm,  developed  in  early  July  1966,  remains  the  only  practical  approach. 

SHAPE  ALGORITHM 

The  algorithm  starts  with  an  area  which  is  proved  to  lie  totally  inside 
the  desired  boundary  and  one  or  several  areas  outside  of  it.  In  a  series  of 
converging  steps  the  perimeters  of  inside  and  outside  areas  approach  each 
other  until  they  finally  merge.  The  solution  may  be  obtained  in  a  continuous 
or  discrete  (digital)  manner.  The  digitization  process  assumes  a  ruled  grid 
of  sufficient  fineness,  in  which  the  squares  inside  the  curve  are  designated 
as  I's  and  those  outside  as  O's.  The  input  data,  Tz(x)  and  Tx(z),  are  now 
simply  a  series  of  numbers.  It  is  furthermore  ass\imed  that  the  closed  curve 
has  not  more  than  two  intersection  points  with  any  straight  line  in  the  x  or  z 
direction  (x-z  convexity).  To  find  the  starting  areas  for  the  I's  and  O's,  two 
rules  are  used  which  are  illustrated  in  Figure  5. 
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Figure  5.  AlgoriUun  Rules 


The  basic  rectangle  of  Figure  5  has  the  dimensions  7x6.  In  Figure  5A, 
the  input  length  for  the  (i\ird  row  is  given  as  5  units.  Counting  from  the  left 
and  from  the  right  side,  one  has  an  overlap  of  three  units.  The  central 
three  squares  must  be  "occupied"  while  at  this  stage  nothing  else  is  known 
about  this  row.  This  rule  of  overlap,  applied  to  all  rows  and  columns  in 
which  more  than  half  of  the  length  is  occupied,  leads  to  the  formation  of  the 
initial  inner  core. 

Figure  5B  shows  that  Column  4  calls  for  a  total  of  two  length  imits, 
one  of  which  has  already  been  found  in  the  step  of  Figure  5A.  Since  the  other 
must  be  immediately  above  or  below,  the  three  remaining  squares  in  the 
column  must  be  O's.  Applied  to  all  rows  and  columns  in  which  previously 
proven  I's  were  found,  the  initial  outer  (zero)  areas  are  defined.  Alternating 
row  and  column  search  for  I's  and  O's  will  gradually  increase  both  areas 
until  all  squares  are  occupied.  The  zigzag  boundary  between  I's  and  O's 
forms  the  digitized  version  of  the  desired  perimeter.  Figure  6  shows  inputs 
and  solution  of  the  problem  illustrated  in  Figure  4  on  a  grid  size  11  by  11. 

For  cases  where  no  start  or  no  end  of  the  algorithm  can  be  found,  one 
arbitrarily  assumes  a  1  (or  a  0)  in  a  square  and  carries  on  until  either  a 
contradiction  or  a  solution  is  found.  Although  sometimes  more  than  one 
solution  is  possible,  it  is  believed  that  the  use  of  a  finer  grid  will  usually 
lead  to  a  preference  of  one  over  the  other  result.  If  serious  doubts  remain, 
an  X  ray  taken  from  a  third  direction  will  remove  the  ambiguity. 
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Figure  6.  An  11  by  II  Problem  and 
Its  Digital  Solution 

Using  the  above  two  rules  plus  others,  the  algorithm  was  programmed 
for  computers  and  several  sample  problems  were  solved  in  a  few  seconds' 
computer  time  (Reference  7). 

The  solution  given  so  far  holds  for  a  rather  restricted  problem.  It 
depends  on  a  set  of  consistent  thickness  data  obtained  from  two  90 -degree 
X-ray  pictures  of  a  homogeneous  material  with  a  single  convex  void.  In  the 
following  paragraphs,  these  restrictions  will  be  removed,  partial  or  complete 
solutions  of  the  extended  problems  will  be  described,  and,  where  no  solution 
exists-  the  direction  of  future  research  indicated. 

INCLUSIONS  AND  COMPOSITE  MATERtALS 

If  the  defect  consists  of  an  inclusion  (e,  g. ,  an  oxide  or  precipitated 
material  whose  composition  differs  from  the  parent  metal),  the  superposition 
algorithm  can  be  applied  in  a  slightly  :.iiodified  form  provided  the  external 
dimensions  of  the  piece  are  known.  One  prepares  two  standard  wedges,  one 
of  inclusion  material  (wedge  angle  or  )  and  one  of  parent  material  (angle  p  }, 
with  a  base  of  equal  size.  The  wedges  are  put  on  top  of  each  other  in  such  a 
manner  that  the  thickness  of  one  material  (inclusion)  changes  only  in  the 
x-direction,  that  of  the  other  (parent)  changes  only  in  the  y-direction. 
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Standard  and  sample  are  X-rayed  simultaneously.  Plotting  lines  of  eqiial 
density  and  of  equal  total  thickness  of  the  standard  wedge  on  one  chart  makes 
it  easy  to  calculate  the  unknown  thicknesses  of  the  inclusion  and  parent  body 
and  thus  reduce  the  problem  to  the  case  treated  before.  Details  are  given  in 
Reference  8. 

OBLIQUE  ANGLES 

In  metallurgical  and  medical  applications  it  is  often  impossible  to  take 
X-ray  pictures  at  a  90-degree  angle  to  each  other,  either  because  the 
material  thickness  becomes  too  great  or  because  of  an  interfering  structure. 
It  is  very  fortunate,  therefore,  that  method  and  algorithm  can  easily  be 
extended  to  any  angle.  In  taking  two  pictures  with  an  oblique  angle  to  each 
other,  one  may  either  keep  each  film  perpendicular  to  the  direction  of  the 
beam  or  have  at  least  one  film  deviate  from  perpendicularity.  The  latter 
technique  is,  for  example,  advisable  for  a  large  cylindrical  structure  to 
which  one  likes  the  film  to  adhere  closely  no  matter  what  direction  the  X  rays 
came  from. 

Attention  has  therefore  to  be  paid  to  the  angle  that  the  films  make  with 
the  direction  of  the  X-ray  beam.  Calling  the  angle  between  the  perpendicular 
to  a  film  and  the  X-ray  direction  8,  Figure  7  illustrates  a  case  in  which  8  is 
0  degree  for  Film  1,  and  45  degrees  for  Film  2.  The  sketch  shows  the  same 
near -elliptical  hole  that  was  used  in  Figure  6. 

While  the  area  unit  in  the  90 -degree  case  is  a  square,  it  is  a  rhombus 
of  angle  90-  8  in  the  general  case.  (Th.*s  rhombus,  although  its  sides  are 
1  \init  long,  has  an  area  of  only  cos  6,  which  is  the  reason  that  the  sum  of 
the  thickness  values  in  Figxire  7  is  much  larger  than  that  of  Figure  6  (115  cos 
45°=  81).  The  greater  number  of  readings,  To(x),  on  Film  1  of  Figure  7  is 
due  to  the  type  of  graph  paper  used;  distance  between  vertical  lines  is 
cos  8  =  C.  707^  instead  of  1. )  On  Film  2,  on  which  the  distance  between 
readings  is  1  unit,  each  value  of  refers  to  the  number  of  unit  rhombi 

of  area  cos  8 .  The  number  of  readings  in  each  direction  (m  x  n)  yields  a 
"basic  parallelogram,  "  ABCD,  the  sides  of  which  are  tangents  to  the 
imknown  shape.  The  algorithm — applied  to  the  rhombi — proceeds  as  before. 

NONCONVEX  AND  MULTIPLE  SHAPES 

Work  is  presently  being  done  to  deal  with  problems  of  nonconvex  and 
multiple  shapes  because  of  their  frequent  occurrence  in  the  two  main  fields 
of  application  (cracks,  generalized  porosity,  kidneys,  vertebrae,  etc).  In 
the  case  of  a  kidney- shaped  hole,  for  example,  it  is  usually  possible  to  split 
the  thickness  data  curves  into  an  "outer"  and  "inner"  part  and  solve  for  each 
part  separately.  A  similar  solution  applies  to  double  holes  which  are  only 
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Figure  7.  Oblique  Illurnination 
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partly  separated.  The  methods  are  greatly  simplified  and  possible  ambigu¬ 
ities  removed  if  a  third  X  ray  is  added  and  made  part  of  the  calculation. 

Further  investigation  is  obviously  needed  for  cases  of  general  porosity, 
a  frequent  occurrence  in  metallurgical  and  biological  opecimens.  Since  the 
average  density  of  a  porous  region  is  lower,  one  may,  as  a  first  approxi¬ 
mation,  consider  all  holes  as  a  single  imiform  region  and  reduce  the  problem 
to  the  two-region,  low-density  inclusion  case. 

INCONSISTENCY 

Inconsistency  is  a  pervasive  difficulty  in  the  analysis  of  three- 
dimensional  structures.  It  may  occur  as  the  result  of  at  least  three  condi¬ 
tions:  (1)  deviations  from  the  single  convex  shape  that  the  original  algorithm 
dealt  with;  (2)  the  digitization  process  (round-off  error);  and  (3)  experimental 
errors.  Very  often,  two  or  three  of  these  conditions  occur  simultaneously. 

An  example  for  Condition  1  was  given  previously,  the  nonconvexity  of 
a  kidney- shaped  figiure.  Condition  2  is  illustrated  in  Figure  8.  For  a  grid 
size  of  3  X  3,  experimentally  derived  thickness  values  (for  internal  midpoints) 
are  shown  in  Figure  8A-  If  one  roimds  them  off  in  the  usual  manner.  Fig- 
tire  8B  shows  a  double  inconsistency.  Figxires  8C  to  8F  show  four  v  ays  to 
change  the  inputs  to  obtain  consistency  under  the  assumption  that  the  original 
data  were  1,  2.  5”,  or  2.  S'*".  The  changes  necessary  to  obtain  consistency 
(i.  e. ,  to  obtain  a  closed  figure)  should  be  made  within  the  limits  of  experi¬ 
mental  error.  If  there  are  several  inconsistent  input  data,  the  least  total 
change,  perhaps  in  the  form  of  a  Z  (A^  )  function,  to  obtain  consistency  is 
desired. 
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Figure  8.  Inconsistency  of  Data  Due  to  Digitization 
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No  syatematic  way  is  presently  known  by  which  inconsistent  input  data 
can  be  made  consistent  through  a  minimum  total  change — at  least  not  in  cases 
of  multiple  inconsistencies.  A  trial  and  error  method  carried  out  by  an 
experience  operator  with  good  judgment,  however,  will  give  near -optimum 
results.  Since  multiple  inconsistencies  occur  in  almost  all  practical  prob¬ 
lems,  a  fast  reacting  man-machine  system  must  be  designed  to  obtain 
reconcilation  of  input  data.  It  is  largely  for  this  reason  that  a  special- 
purpose  computer  with  a  direct  display  was  built.  It  permits  rapid  changes 
of  input  data,  with  a  completely  new  result  in  a  second  or  so. 
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SHAPE  RECONSTRUCTION  COMPUTER 


The  shape  reconstruction  computer  was  designed  and  developed  by 
B.  J.  Huffman.  It  was  fabricated  in  the  Communications  and  Control  Labo¬ 
ratory  of  the  Space  Division's  Laboratories  and  Test  section  of  North 
American  Rockwell  Corporation. 

The  requirements  for  the  computer  were: 

1.  Implement  ba  ic  algorithm  by  high-speed  computation. 

2.  Display  input  data  and  results  on  a  cathode  ray  tube  (CRT). 

3.  Permit  computation  to  proceed  either  continuously  or,  for  better 
iinder standing,  in  steps  of  various  size. 

4.  Show  inconsistency  (if  present)  by  interrupting  computation  process 
and  flagging  location, 

5.  Provide  for  easy  change  of  input  data. 

6.  Permit  growth  capability  to  include  opt.  num  resolution  of  incon¬ 
sistency,  two-  and  three-region  computation  and  display,  and 
automatic  transformation  from  density  to  thickness. 

The  shape  reconstruction  computer  (Figure  9)  processes  digitized  thick¬ 
ness  data  to  determine  unknown  cross-sectional  shapes  and  display  them  as 
areas  of  intensified  dots.  It  consists  of  a  special-purpose  digital  data 
processor,  a  4096-word,  24-bit  core  memory  (24  core  planes),  a  cathode 
ray  oscilloscope,  a  piinched  tape  reader,  and  power  supplies. 

A  detailed  view  of  the  data  processor  control  panel  is  shown  in 
Figure  10.  Toggle  switches  for  setting  the  matrix  size  (up  to  128  by  128)  and 
entering  input  or  preset  data  occupy  the  bottom  row.  Controls  for  core  plane 
information  display,  proven  1  or  0  entry,  column,  row,  and  program  preset 
and  program  advance  are  provided  for  in  the  second  row. 

The  data  processor  consists  of  the  control  panel,  eight  plug-in  circuit 
cards,  and  input-output  connectors,  all  mounted  together  on  an  aluminum 
chassis.  Each  circuit  card  has  room  for  90  14-lead  integrated  circuit 
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pc^ck&ges.  The  integrated  circuits  are  flip-flops  and  gates.  Banks  of  flip- 
flops  are  interconnected  with  gates  to  fcrno  counters,  decoders,  and  control 
logic  circuitry  fcr  the  nnemory,  cathode  ray  tube,  and  control  panel. 

All  data  proces  ..ops  are  controlled  by  the  program  counter.  The 
program  counter  state  is  displayed  in  the  top  center  of  the  processor  panel 
(see  Figure  10). 

The  computation  proceeds  in  two  stages.  In  the  first,  the  input  data 
are  stored  and  the  first  region  of  proven  I's  (obtained  through  overlap)  is 
obtained.  This  stage  is  not  repeated.  In  the  second  stage,  the  first  outer 
(0)  zone  and  the  next  inner  (1)  zone  are  described  and  the  information  is 
stored.  The  steps  of  the  second  stage  are  repeated  over  and  over  imtil  the 
process  ends.  As  long  as  a  cycle  produces  new  proven  I's  or  O's,  a  flip-flop 
activates  a  new  cycle.  Cycling  ends  when  no  new  I's  or  O's  are  produced. 

The  computation  process  will  stop  for  three  possible  reasons,  clearly 
distinguishable  on  the  display  tube: 

1.  A  unique  solution  has  been  found  (no  blanks  left;  all  elements 
are  either  I's  or  O's). 

2.  Some  blanks  remain. 

3.  Input  data  are  inconsistent,  either  by  themselves  or  as  a  deviation 
from  basic  rules  (e.  g. ,  in  cases  of  nonconvexity),  which  is  indi¬ 
cated  by  an  intensified  display  spot. 

If  the  display  shows  some  remaining  blanks,  a  1  or  0  is  tentatively 
entered  at  one  of  the  blanks  and  cycling  is  continued.  In  actual  problems, 
the  occurrence  of  genuine  multiple  solutions  seems  to  be  rare;  however, 
most  actual  problems  show  a  moderate  number  of  small  inconsistencies. 

An  inconsistency,  due  to  the  occurrence  of  a  proven  1  and  a  proven  0 
in  the  same  location,  results  in  the  stopping  of  the  cycling  process.  Simul¬ 
taneously,  the  spot  where  it  occurs  is  intensified,  and  the  state  of  the  pro¬ 
gram  counter  (displayed  in  the  front  panel)  indicates  whether  the  inconsistency 
is  due  to  an  excess  or  a  deficiency  and  whether  it  occurs  in  a  row  or  column. 
Correction  of  an  inconsistency  is  performed  by  changing  the  input  data  of  the 
line  involved.  After  correction,  the  cycling  process  may  be  resumed. 

Display  of  two  or  three  regions  is  accomplished  by  solving  the  regions 
separately,  storing  the  first  result  (largest  region)  in  one  core  plane,  the 
second  largest  region  in  another  core  plane,  and  displaying  these  regions 
with  the  smallest  region,  which  is  stored  in  a  third  core  plane.  To  display  ' 
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several  regions,  one  alternates  bright  and  dim  areas.  Figure  11  (based  on 
actual  X-rays),  shov/s  the  cross-section  of  a  finger  perpendicular  to  its  axis, 
with  areas  displaying  flesh,  bone,  and  marrow. 

To  obtain  thickness  data  from  views -other  than  90  degrees  apart,  a 
skewed  display  is  required;  examples  are  given  in  Figure  18. 


Figure  11.  Three  Regions  (Flesh,  Bone, 
and  Marrow)  in  Finger  Gross -Section 
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SAMPLE  CASES 


MATERIALS  AND  PROCEDURES 

To  test  the  validity  of  the  method  several  simulated  metal  flaws  were 
machined  out  of  aluminum  2014  sheets;  standard  wedges  of  the  same  material 
also  were  prepared.  In  other  cases  2014  welds  made  with  the  2319  filler  and 
containing  gas  holes  were  used.  X  rays  of  samples  and  standards  were  taken 
at  0,  45  degrees  right  (R),  and  sometimes  45  degrees  left  (L).  For  each 
sample^  a  microdensitometric  record  of  a  specific  y  plane  (e.  g. ,  plane  A, 
Figure  12)  was  obtained,  with  great  care  being  taken  that  the  same  plane  be 
scanned  on  each  film.  As  a  rule,  several  y  planes  were  measured.  Using 
the  density  record  of  the  Hlmed  standard  wedge,  calibration  curves  of  optical 
density  versus  thickness  were  calculated.  From  the  calibration  curves  the 
final  input  data — thickness  dimension  of  the  flaw  in  each  direction — were 
obtained,  digitized,  and  tape  fed  into  the  shape  reconstruction  computer. 

After  reconciling  the  data  the  CRT  display  of  the  computer-derived  cross- 
sections  was  photographed  on  Polaroid  film.  The  samples  were  then  cut 
at  the  registration  plane,  photographed,  and  measured.  Finally,  for  better 
comparison,  the  Polaroids  were  either  superimposed  on  the  photographic 
pictures  of  the  actual  cross-section  of  the  flaw  at  1 5 -fold  enlargment  and  the 
error  between  measured  and  computed  shape  and  location  determined,  or  a 
visual  comparison  at  25-fold  niagnification  was  made. 

Out  of  the  samples  prepared,  X  rayed,  and  scanned  for  density,  one 
is  described  below  in  detail  as  an  example  of  the  procedure.  Dimensions 
of  the  sample  are  given  in  Figure  12.  The  flaw  was  prepared  by  drilling  a 
hole  of  approximately  3/32-inch  diameter  at  a  45-degree  angle  into  a 
3/ 16-inch  sample.  Any  plane  for  which  y  =  constant  (for  example,  plane  A) 
thus  yields  a  flaw  with  an  elliptical  cross-section.  The  X  rays  were  taken  at 
90  kilovolts  and  4  mA  with  an  exposure  time  of  90  seconds.  The  tube  was  a 
Dunlee  beryllium  window  type  with  a  nonninal  focal  diameter  of  0. 4  millimeter. 
Sample  and  standard  were  kept  fiat  on  a  lead  vinyl  covered  table,  with  a 
distance  of  36  inches  between  focal  spot  and  film.  Eastman  Kodak's  M  film 
was  developed  by  hand  at  68”F  for  6  minutes.  A  lead  strip  at  the  edge  of  the 
sample  was  used  as  a  registration  mark  to  define  the  distance  of  planes  A, 

B,  and  C  for  all  views. 

The  films  were  scanned  in  GAF's  automatic  recording  microdensitom¬ 
eter,  Model  4.  A  strip  chart  recorder  continuously  plots  radiograj^ic 
density  values  as  the  film  is  scanned.  To  simiilate  conditions  of  a  very  small 
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flaw,  a  microscope  magnification  of  254  was  used.  The  aperture  was  made 
quite  small;  the  effective  scanning  spot  on  the  film  consisted  of  a  circular 
area  of  10-micron  diameter.  Travel  and  chart  speed  were  such  that  a  linear 
X-  magnification  of  33.  8  was  obtained.  This  factor  was  carefully  checked 
and  found  to  be  quite  constant. 

Figure  13  shows  a  graph  of  the  density  of  the  flaw  and  its  neighborhood 
in  plane  B  at  0  degrees  X-ray  angle.  The  amount  of  noise  is  not  excessive 
for  the  very  small  aperture  and  includes  a  small  amount  of  scattering.  This 
scattering  is  part  of  the  general  degradation  due  to  xmsharpness  that  any 
photographic  film  shows.  It  is  usually  dealt  with  in  terms  of  spatial  frequency 
response  or  modulation  transfer  function  (References  8,  9,  10,  11).  Density  is 
0.41  in  the  backgrovind  and  0.  93  at  the  center  of  the  hole.  These  and  other 
density  values  are  obtained  by  drawing  a  smooth  "best"  line  through  the  data. 
The  flaw  as  measured  between  the  two  vertical  lines  in  the  x  direction  is 
0. 140-inch  long. 

To  evaluate  the  depth  of  the  hole  one  uses  the  wedge  calibration  curve, 
the  relevant  part  of  which  is  shown  in  .Figure  14.  With  the  wedge  dimensions 
changing  in  a  linear  fashion  along  the  x-axis,  thickness  dimensions  T®  (x) 
can  now  be  assigned  to  each  part  of  the  flaw  of  Figure  13  with  the  aid  of  the 
calibration  curve. 

A  different  calibration  method  was  used  in  the  two  45-degree  films. 
Figxire  15  shows  the  pertinent  part  of  the  flaw  densitogram  for  45  degrees  R 
and  Figure  16  the  density  of  the  right  edge  of  the  sample.  As  indicated  by  the 
dashed  lines  EjEj  and  E2E2  of  Figure  12,  the  layer  peneteated  by  the  X-ray 
beam  at  45  degrees  changes  its  thickness  linearly  from  ‘s/2  x  0.  1897  inches 
to  zero.  One  thus  has  a  built-in  calibration,  and  no  separate  wedge  is 
necessary.  The  method  was  applied  to  45R  and  45L>  densitograms  and  the 
corresponding  T(x)45R  and  T(xP^^  values  obtained  for  all  parts  of  the  flaw. 
Length  of  the  flaw  between  AA*  and  BB'is  0.  1715  inches  in  both  45-degree 
directions. 

The- three  thickness  curves  (T°,  T^^R^  and  T'^^^  versus  x)  must  be 
digitized  before  a  combination  of  any  two  of  them  can  be  used  for  shape 
calculations.  Assuming  a  unit  length,  u,  of  0.  003 IS  inch,  one  obtains  a 
54  by  44  tmit  parallelogram  with  sides  of  0.  00318  inch  and  0.0045  inch  for 
the  0  and  45-degree  case,  and  38  by  38  unit  squares  (standing  on  a  corner) 
of  0.00318-inch  length  for  the  45R  and  45L  case.  To  digitize  the  data,  for 
example,  for  the  45 R,  45L  case,  one  divides  the  total  length  of  0.  1715  inch 
into  38  equal  parts,  reads  (at  the  center  of  each  part)  the  corresponding 
T  value  (on  a  scale  of  unit  length  u  =  0.  00318  inch)  and  rounds  off  all  data  to 
the  nearest  integer,  [Tj.  Table  1  shows  the  raw  readings,  T(x)  and  the 
integral  round-off  values  [T]  for  the  case  of  plane  A.  (The  data  for  plane  B 
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Table  1,  Thickness  of  Flaw,  Plane  A,  at  45 "L<  and  45 “R, 
in  Terms  of  Unit  Length  u  =  0,  00318  inch 


X 

(Unit  #) 

X45L 

x45R 

[t45L] 

Reconciliation 

[t45R] 

Reconciliation 

1 

n 

9.9 

11 

10 

■SI 

14.  6 

16 

15 

(-1) 

3 

mSm 

18.0 

19 

18 

4 

20.  5 

21.  1 

21 

(-1) 

21 

5 

23.4 

23.  2 

23 

23 

6 

25.3 

25.  3 

25 

25 

7 

26.9 

26,8 

27 

27 

8 

28.  3 

28.  3 

28 

28 

9 

29.7 

2‘).  6 

30 

30 

10 

30.9 

30.  6 

31 

31 

11 

31.6 

31.4 

32 

31 

12 

32.4 

32.  3 

32 

(+1) 

32 

13 

33.0 

33.  1 

33 

33 

14 

33.7 

33.  7 

34 

34 

15 

34.  3 

34.  3 

34 

34 

16 

34.7 

34.  9 

35 

35 

17 

35.  0 

35.  1 

35 

35 

18 

35.2 

35,4 

35 

35 

(•:'.) 

19 

35.  3 

35.6 

35 

(+1) 

36 

20 

35.2 

35.6 

35 

36 

21 

35.  1 

35.  5 

35 

35 

(+1) 

22 

34.9 

35.  2 

35 

35 

23 

34.  6 

34.8 

35 

35 

24 

34.  1 

34.  2 

34 

34 

25 

33.6 

33.7 

34 

/ 

34 

26 

33.0 

32.  9 

33 

33 

27 

23.  2 

32.  1 

32 

32 

28 

31.  5 

31.4 

32 

(-1) 

31 

29 

30.  6 

30.  4 

31 

(-U 

30 

30 

29.  4 

29.  3 

29 

29 

31 

27,8 

27.8 

28 

28 

32 

25.  8 

26.0 

26 

26 

33 

24,  2 

24.6 

24 

25 

34 

22.2 

23.0 

22 

23 

35 

20.  0 

20.  8 

20 

21 

(-1) 

36 

17.0 

18.  1 

17 

18 

(-1) 

37 

13.  5 

13.8 

14 

14 

38 

7.4 

7.  3 

7 

7 

Total 

1058.4 

1059.7 

1059 

(-1) 

1059 

M) 
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are  almost  identical. )  The  rounding-off  procedure  includes  an  equalization 
to  1059  units  of  the  slightly  different  sums  of  the  T  values. 

RESULTS 

To  obtain  the  unknown  shape  of  the  flaw,  the  three  combinations  of 
any  two  sets  of  [T]  data  were  punched  on  tape  and  fed  into  the  computer.  In 
all  cases,  inconsistencies  prevented  an  immediate  solution;  using  the  partial 
solution  and  the  location  and  type  of  the  inconsistency  indicated  by  the  pro¬ 
gram  counter  state  of  the  computer  at  the  moment  of  interruption,  the 
operator  would  change  the  input  data  and  continue  to  the  next  interruption. 

By  a  gradual  process  of  reconciliation,  a  consistent  shape  eventually  would 
be  found  which  showed  only  minor  discrepancies  with  the  original  input  data. 

Table  1  shows  the  changes  needed  to  obtain  consistency  in  the  45R, 

45 L  example.  With  10  changes  of  1  unit  each  (indicated  by  the  figures  in 
parenthesis),  the  sum  of  all  adjustments  is  less  than  1  percent  of  the  total 
area.  In  the  two  other  combinations  (0  and  45-degree  views),  the  number  of 
changes  (each  of  I  unit)  to  obtain  a  consistent  shape  was  about  1.  5  percent 
of  the  total. 


These  low  values  are  possibly  due  to  the  fact  that  the  defect  was  quite 
large  and  the  existence  of  a  smooth  cross-sectional  shape  could  be  assumed. 
The  10  to  15  changes  per  pair  can  be  effected  in  many  different  ways,  indicat¬ 
ing  many  tiny  variations  of  the  periphery  of  an  essentially  well-defined  shape. 
The  number  of  multiple  solutions  could,  however,  be  reduced  if  all  three  views 
could  be  simultaneously  checked  for  inconsistency.  In  any  case,  the  problem 
requires  more  investigation. 

It  was  quite  easy  to  determine  the  location  of  the  flaw  within  the  bar. 

As  Figures  13  and  15  show,  the  beginning  and  end  of  the  flaw  are  well  defined, 
even  at  34- fold  magnification.  Using  the  densitogram  to  show  the  distance 
of  the  two  marginal  rays  of  the  defect  from  a  brass  marker,  a  simple  parallel 
line  construction  permits  the  placement  of  the  characteristic  parallelogram 
(See  Figure  3)  within  the  bar.  The  original  densitograms  are  too  long  (about 
a  yard)  for  reproduction.  The  location  data  were  also  digitized,  put  on  tape, 
and  the  computed  hole  and  bar  photographed  as  a  two-region  display. 

As  an  example  of  the  complete  location  and  shape  of  the  flaw,  cross- 
section  A  was  analyzed  from  all  three  views.  The  computer -derived  pictures 
of  the  defect  were  photographed  directly  from  the  CRT  on  Polaroid  film.  An 
example  is  shown  in  Figure  17A,  a  computed  view  of  the  defect  from  0  and 
45-degree  data.  To  compare  the  computer  results  with  reality,  the  sample 
was  sectioned  at  plane  A  and  a  photograph  of  the  section  taken  (See  Fig¬ 
ure  17B).  Part  of  Figure  17B  was  further  enlarged  to  about  15  times  original 
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A.  Computer  Picture  of  Defect 
From  0®  and  45®R  Data 


f 's 


B.  Sample  Sectioned  at  Vertical 
Plane  A  {3X) 


C.  Sample  Center  With  Defect  (15X) 
(Burr  at  Left  Edge  Due  to  Sectioning) 


Figure  17.  Three  Views  of  Cross-Section  A 
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size.  This  part  is  shown  in  Figtire  17C,  where  the  upper  and  lower  limits 
cf  the  picture  indicate  the  corresponding  limits  of  the  sample.  For  better 
comparison  the  computer-derived  Polaroid  pictures  (e.  g. ,  Figure  17A) 
were  photographically  enlarged  and  superimposed  upon  the  picture  of  the 
sectioned  plane  A  of  Figure  17C.  The  long  axis  of  the  ellipse  gave  an  almor  < 
perfect  match;  counting  the  dots  along  this  axis  at  0.  00318  inch  each,  any 
difference  between  actual  and  computed  length  was  found  to  be  less  than 
one  dot.  As  to  the  depth  of  the  flaw.  Figure  18A,  18B,  and  18C  show  actual 
and  computed  shape  while  Figure  18D  gives  a  comparison  of  both  shape  and 
location  within  the  sample.  (The  dots  in  this  picture  represent  solid 
aluminum  while  in  the  other  three  comparisons  they  represent  the  hole.  The 
fact  that  no  dots  appear  in  the  left  upper  and  right  lower  part  of  Figure  18D 
is  due  to  the  small  size  of  the  computer  memory. )  As  the  pictures  indicate, 
a  high  degree  of  accuracy  has  been  obtained  for  both  shape  and  location. 


The  difference  between  actual  and  computer  flaw  may  be  expressed 
as  the  percentage  of  dots  misplaced  (i.  e. ,  as  the  sum  of  the  absolute  values 
of  deficiencies,  D,  and  excesses,  E,  expressed  as  a  fraction  of  the  actual 
area): 


Computed 


Actual 


This  is  a  rigorous  test:  even  a  perfectly  computed  flaw  shape,  if  displaced 
in  any  direction,  would  cause  a  considerable  error.  Conversely;  small  error 
values,  particularly  if  distributed  over  wide  parts  of  the  total  contour, 
indicate  cnly  minor  deviations  in  both  shape  and  location. 

There  is  no  noticeable  ervor  in  the  location  of  the  defect  within  the 
sample.  The  shape  errors  (expressed  as  percentage  of  misplaced  dots)  for 
the  three  views  are: 


0"  and  45 "R 

0°  and  45‘’L 

45‘’Rand  45 ”L 

Error  (percent) 

1.5 

2.8 

1.  1 

The  high  accuracy  of  the  results  is  partly  due  to  the  fact  that  the 
cross-sections  of  the  flaw  was  known  to  have  a  smooth  perimeter  (making 
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interpolation  easy)  and  partly  that  a  large  hole  inside  a  thin  piece  of 
aluminum  gives  a  high  signal-to-noise  ratio. 

WELD  SAMPLES 


Several  pieces  of  welded  alununum  containing  gas  holes  have  been 
subjected  to  the  same  analysis  and  verification  procedure.  One  example, 
Sample  No.  26,  an  approximately  quarter-inch  weld  section  of  parent 
material  A1  2014  and  filler,  2319,  is  shown  in  Figures  19  and  20.  All 
pictures  refer  to  cross  section  D,  going  essentially  through  the  center  of 
the  flaws.  Figure  19  shows  the  metallographic  section  in  a  10-fold  enlarge¬ 
ment;  Figure  20  the  left  upper  part  of  this  section  in  a  25-fold  magnification. 
Figure  21  is  a  computer-derived  view  of  the  same  cross  section  obtained 
from  0*  and  45“  R  X-ray  films.  Each  dot  corresponds  to  0.  0015  inch. 

There  is  again  almost  no  error  in  the  location  of  the  five  flaws;  fidelity, 
however,  is  not  quite  as  high  as  in  the  previous  example  because  of  the 
irregular  character  and  the  overlap  of  several  holes.  For  example,  the  two 
small  gas  holes  to  the  right  were  not  resolved,  due  to  the  noise  inherent  in 
regular  X-ray  film  and  shown  in  the  densitogram  of  Figure  22. 

Later  experiments  with  Kodak's  high-resolution  plate  show  higher 
accuracy  (through  less  grain  noise),  obtainable  at  the  expense  of  larger 
exposure  times.  Figure  22  is  a  densitogram  of  the  defect  region  of  Sample  26 
at  0  °  incidence,  used  as  one  of  the  two  computer  inputs  from  which  the 
computer -picture  shown  in  Figure  21  was  obtained.  The  noise  in  this  densito¬ 
gram  is  many  times  greater  than  that  of  Figure  23,  a  densitogram  of  another 
sample  (No.  2?)  taken  with  high-resolution  plates. 
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Figure  19«  Weld  Sample  No.  26; 
Metallographic  Section  at 
Plane  D  (lOX) 


Figxire  20,  Upper  Left  Part 
of  Figure  19  (25X) 


Figure  21,  Computed  Shape  and 
Location  of  Flaws  of 
Sample  26  {25X) 
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Figiire  22.  Densitogram  of  Defect  Region, 0®,  of  Weld 
Sample  26,  Plane  D  (Based  on  Kodak  R  film) 


Figure  23.  Densitogram  of  Defect  Region,  0®,  of  Sample  27 
Plane  C  (Based  on  Kodak  High-Resolution  Plate) 
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SUMMARY 


Theory  and  e3q>eriinent  show  that,  under  certain  circumstances,  it  is 
possible  to  obtain  cross-sectional  pictures  of  the  location  and  shape  of 
invisible  flaws  in  metals  from  two  X-ray  films  taken  at  angles  tc  each  other. 
A  special  purpose  shape  reconstruction  con^uter  has  been  built  and  severed 
sample  cases  tested.  Satisfactory  agreement  between  actual  and  computer - 
derived  photographs  of  the  defects  has  been  obtained. 

A  great  deal  of  further  work  has  to  be  done  to  advance  to  the  computa¬ 
tion  of  unknown  small  defects  in  fairly  thick  welds  of  irregular  cross  section. 
This  work  is  now  in  progress,  especially  along  the  following  lines: 

1.  Automate  and  digitize  the  work  of  noise  averaging  and  calibration. 

2.  Develop  a  computer  routine  to  deal  with  inconsistent  input  data  in 
an  efficient  maimer. 

3.  Reduce  the  effects  of  scattering  and  film  granularity  by  analytical 
correction  methods;  incorporate  later  into  the  computer  routine. 

4.  Develop  theory  and  practice  to  deal  with  nonconvex  and  multiple 
defects. 

5.  Develop  an  algorithm  for  simultaneous  three -angle  superposition. 

6.  Experiment  with  a  number  of  actual  flaws  of  various  shapes, 
inclinations,  and  locations  in  weldments  of  different  thicknesses 
and  materials. 
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The  basic  airframe  in  the  new  generation  of  the  aircraft  are  being 
guaranteed  for  20,  000  hours  of  service  life.  Little  factual  data  backs  up  the  guar¬ 
antee  on  the  bonded  joints.  A  small  amount  of  background  data  has  been  developed 
in  Europe  by  severeil  aircraft  operators  but  there  is  still  a  vast  amount  of  work  to 
be  done  in  this  area.  The  Fokker  Bond  Tester  with  its  capability  of  being  able  to 
discern  the  cohesive  strength  of  the  glue  line  in  terms  of  actual  psi  provides  an 
ideal  means  of  building  this  data.  The  curve  of  degradation  is  already  available. 

The  only  need  is  to  apply  a  time  base.  The  bond  tester  system  also  has  the  capa¬ 
bility  of  providing  a  permanent  record  in  several  data  forms.  With  this  data  avail¬ 
able,  it  shoiild  be  relatively  straight-forward  to  build  up  basic  information  on  joint 
strength  to  be  later  checked  during  service  with  the  same  instrument.  This  same 
instrument  can  also  serve  as  a  screening.test  for  void  and  delamination.  The 
fundamentcil  nature  of  bond-line  failure  is  still  somewhat  hazy,  but  we  have  the 
advantage  with  this  system  of  being  able  to  correlate  bond  tester  response  with 
actual  bond-line  strength.  Figure  1  and  Figure  2  illustrate  the  type  of  data  backup 
developed  by  the  various  aircraft  companies. 

These  curves  have  been  developed  based  on  actual  test  specimens  with 
correlating  bend  tester  readings.  There  is  little  service  experience  with  respect 
to  the  deterioration  of  a  bonded  joint  during  extended  environmental  fatigue  cycles. 
Certain  military  specifications  establish  a  number  of  tests  which  give  some  indi¬ 
cation  but  these  results  are  not  absolute  values. 

The  bond-line  strength  is  a  function  of  bond- line  thickness,  porosity, 
and  other  factors  which  vary  as  a  result  of  maniifacturing  tolerances.  The  Fokker 
System  can  give  the  strength  in  terms  of  relative  values  which  can  be  correlated 
with  curves  as  shown  in  Figures  1  and  2.  The  philosophy  is  a  resonant  frequency 
system  whose  concept  is  purely  mechanical.  It,  in  a  sense,  applies  a  vibratory 
force  through  a  bonded  joint  and  the  resulting  dampening  or  attenuation  of  the  vi¬ 
bration  mediiun  is  read  on  a  mete  redisplay,  A  number  of  major  aircraft  companies 
in  the  United  States  have  developed  this  system  to  a  finite  degree  where  they  can 
anticipate  the  actual  strength  level  of  the  joint  within  a  very  close  degree. 

The  new  modified  epoxy  adhesive  systems  in  use  at  the  present  time  are 
under  intense  development  and  this  information  will  be  available  when  the  new  air¬ 
craft  reach  the  user.  One  must  recognize  the  fact  that  as  in  all  areas  of  develop 
ment,  as  the  technology  moves  forward,  the  demand  becomes  more  rigorous. 

Take  for  example  an  automobile  tire  of  the  1920’s  when  thirty  to  forty  miles  an 
hour  was  about  the  nominal  speed.  Compare  this  with  the  automobile  of  today 
where  seventy  miles  an  hour  is  legal,  and  eighty  to  ninety  miles  an  hour  on  the 
open  road  is  not  unusual.  Think  of  the  infinitely  greater  stress  and  strain  applied 
to  the  modem  tire  as  opposed  to  the  tire  of  the  20 's.  The  ground  rules  that 
applied  "way  back  when"  are  no  longer  valid  considering  modem  aircraft  vs, 
the  aircraft  of  only  a  decade  ago.  Landing  speeds  then  were  fifty  to  eighty  knots 
maximum.  Modem  jet  liners  land  at  one-hundred  knots  plus  and,  in  addition  to 
this,  they  carry  anywhere  from  five  to  ten  times  as  many  passengers  and  cargo. 

Air  speeds  are  uppied  three  to  four  times.  The  control  and  inspection  of  the  various 


components  must  advance  accordingly.  Part  of  this  requirement  has  been  anti¬ 
cipated  by  the  Fokker  System,  Whether  in  realization  or  accidental,  the  facts 
are  there.  Since  methods  were  developed  that  could  read  the  glue-line  strength 
reliably  and  a  system  of  recording  is  provided  with  storage  and  recall  capability, 
it  is  possible  that  the  airline  operator  may,  five  or  ten  years  from  now,  use  the 
same  instrument  that  read  a  joint  during  manufacture.  With  a  record  of  how  it 
started  out  and  a  means  of  checking  it  during  service,  a  picture  of  its  performance 
will  begin  to  emerge.  Some  degree  of  this  work  has  been  done  in  England  but  only 
to  a  limited  degree.  The  data  at  the  present  time  is  being  compiled  on  aircreift 
such  as  the  747  and  others  to  give  the  capability  of  being  able  to  develop  some 
backup  data  on  joint  durability. 

We  are  not  talking  here  about  simple  Tuxbond  and  delamination.  We  are 
discussing  the  life  of  a  well  bonded  joint  where  the  strength  gradually  is  reduced 
as  a  result  of  the  rigors  of  service  life.  The  bond  is  subject  to  all  manner  of 
deterioration  factors  such  as  vibration,  radiation,  electro- static  discharge, 
moisture,  chemical  attack  and  heat.  It  is  known  for  certain  that  these  condi¬ 
tions  contribute  to  the  deterioration  of  a  glue  line.  The  only  needed  ixiformation 
is,  how  much  ar.d  how  fast.  With  information  from  the  aircraft  manufacturer  on 
the  actual  strength  of  the  joint  when  the  airplane  left  the  factory,  and  coupling 
this  with  a  means  of  identification  (part  number  and  location)  the  task  should  be 
greatly  simplified  with  the  use  of  the  Fokker  System.  The  airline  operator  then 
must  set  up  a  teat  program  based  on  some  frequency  and  on  some  sampling  basis 
that  will  least  interfere  with  the  aircraft  operation  schedule.  Essentially,  this 
program  will  be  broken  down  into  two  phases  (1)  should  be  a  screen  test  to  rapidly 
determine  delamination  or  xmbond  as  its  principal  objective  (2)  should  be  the  more 
detailed  inspection  considering  the  bond-line  deterioration.  The  Fokker  System 
can  be  utilized  for  both  phases. 

La  addition  to  the  Fokker  System  intended  primarily  for  both  quantitative 
and  qualitative  information,  the  Shurtronics  Corporation  offers  a  second  ainit  called 
a  haaunonic  bond  tester.  This  device  can  rapidly  scan  any  given  area  particularly 
with  respect  to  honeycomb  to  give  a  ’’go’*  and  "no-go"  indication.  A  amique  advan¬ 
tage  of  this  system  is  that  it  does  not  require  a  couplant  nor  does  it  require  actual 
contact  with  the  surface.  This  device  can  easily  be  used  in  both  lap  shear  and  flat¬ 
wise  tensile  inspection  to  provide  the  screening  test.  This  unit  is  called  a  Shur¬ 
tronics  Harmonic  Bond  Tester.  Essentially,  this  puts  out  an  energy  pulse  that 
vibrates  the  top  surface  of  the  joint.  The  degree  to  which  the  joint  vibrates  is  an 
indication  of  its  attachment.  La  other  words,  if  it  is  completely  loose  as  in  an  un¬ 
bond,  the  maximaam  signal  level  will  be  attained.  Adjustment  levels  are  provided 
on  the  fact  of  the  instrument.  Its  degree  of  resolution  can  be  adjusted  to  detect  as 
little  as  one  cell  tinbond  in  1/4"  honeycomb,  (See  Figure  4 -Harmonic  Bond  Tester) 

La  summaary,  industry  as  a  whole  is  offered  a  means  of  contrcdling 
structural  bonding.  It  is  evident  that  certainly  no  one  instrument  is  going  to  give 
the  full  picture.  It  is  also  evident  that  a  great  deal  of  ground  work  is  yet  to  be  done. 
The  next  decade  of  development  hopefaally  will  see  the  solution  to  many  of  these  prob¬ 
lems.  La  the  meantime,  many  agencies,  both  private  and  goveimment,  are  engaged 
in  intensive  engineering  development  to  provide  the  answers. 


### 


in  this  modern  scheme  of  things,  many  systems  are  presented  for  non¬ 
destructive  testing  of  adhesive  bonds  and  composite  structures.  Included  is  the 
"coin  tap  method.  "  In  general,  all  of  these  systems  have  worked  well  in  one  in¬ 
stance  or  the  other.  The  success  or  failure  of  any  system  falls,  to  a  degree,  within 
the  skill  of  the  operator  or  the  control  of  the  Q.  C.  system.  In  all  instances,  it  is 
relatively  costly  to  inspect  anything.  Therefore,  the  attitude  of  management  is  ve^ 
important.  One  system  or  the  other  has  worked  where  the  need  was  great  and  the 
requirements  ideal.  Other  systems  have  worked  to  a  much  lesser  degree  where 
the  atmosphere  has  been  less  tolerant  or  cooperative. 

In  the  early  days  of  structured  adhesive  bonding,  there  were  few  systems 
available  since  there  was  only  a  smedl  amount  of  bonding  being  accomplished,  bn 
the  last  decade  there  has  been  a  tremendous  increase.  New  and  different  systems 
have  been  advanced  as  fool-proof  schemes  to  do  the  necessary  inspection.  Exor¬ 
bitant  claims  have  been  made  by  some  instriunent  manufacturers  based  on  success 
in  one  small  area. 

Experience  has  shown  that  one  single  system  cannot  satisfy  all  the  de¬ 
mands  of  inspection.  The  same  reasoning  applies  to  a  mechanic  carrying  a  box 
full  of  tools.  No  one  tool  is  capable  of  doing  the  entire  job  regardless  of  its 
versatility.  Early  systems  developed  around  through  transmission  and  pulse 
echo  satisfied  themselves  by  simply  looking  for  unbond  and  void  areas.  In  fact, 
in  some  instances,  this  "go"  or  "no-go"  type  of  inspection  was  entirely  adequate. 
With  very  fev/  exceptions,  the  American  aircraft  manufacturers  have  not  been 
involved  in  primary  structure  bonding.  Companies  that  have  bonded  aircraft  to 
60%  or  70%  of  the  total  assembly  will  readily  admit  that  until  recently,  they  have 
not  considered  total  structural  bonding.  The  explanation  is  simple;  in  every  case, 
there  has  been  a  mechaniced.  fastener  backup  to  take  over  if  the  bonding  failed. 

The  only  true  primary  structural  bonding  accomplished  to  date,  in  the  United 
States,  has  been  the  various  helicopters  and  the  Fokker  F27. 

With  the  concept  in  mind  that  future  aircraft  will  undoubtedly  have  more 
and  more  bonding  and  this  bonding  will  be  in  the  area  of  basic  structure  with  little 
or  no  mechanical  backup,  something  more  will  be  needed  in  the  way  of  inspection 
during  fabrication  as  well  as  in  sejrvice.  No  longer  will  it  be  sufficient  to  simply 
check  for  voids  and  unbonds.  A  means  will  be  required  that  will  predict  both 
quantity  and  quality  of  the  joint  during  the  building  and  service  life.  The  widely 
used  "go"  and  "no-go"  inspection  method  will  have  to  be  relegated  to  the  categories 
of  "screening  test  only.  " 


The  aircrcift  operator  as  'well  as  the  militairy  have  set  some  rather 
stringent  long-range  durability  requirements  on  these  new  aircraft.  More  rig¬ 
orous  standards  have  been  established  for  the  control  of  the  adhesion.  Hopefiilly, 
development  in  technology  will  produce  an  instrument  that  will  give  both  quantity 
as  well  as  a  quality  reading  non-destructively.  Within  the  philosophy  of  bonding,  the 
adhesion  must  always  be  greater  than  the  cohesion.  The  "T"  peel  test  used  by  the 
manufacturer  gives  this  information  by  sample  cont;.‘ol.  It  is  considered  that  this 
is  representative  of  the  actual  part.  Some  experience  has  indicated  that  there  are 
problems  of  long-term  adhesion  failure  that  cannot  be  pre^cted.  Almost  in  every 
instance  some  form  of  surface  corrosion  has  been  present.  Intensive  studies  are 
xmder  way  to  overcome  this  problem.  The  total  solution  may  just  be  around  the 
comer. 

In  the  meantime,  a  means  of  testing  the  other  factor  of  bonding  control 
has  been  developed  to  a  fine  art.  Cohesion  can  be  tested  non-destructively  for 
values  of  both  quantity  and  quality.  This  capability  is  offered  by  the  Fokker  Bond 
Tester  System.  Many  of  the  major  aircraft  and  missile  companies  are  using  this 
system  at  the  present  time.  Approximately  ten  years  of  development  have  gone 
into  this  to  date  to  furnish  a  wealth  of  backup  data.  The  Air  Force  has  established 
a  specification  control  issued  under  Federal  Standard  175  and  Military  Specifi¬ 
cation  860.  (See  Figure  3  -  Fokker  Unit) 

Beyond  the  basic  requirement  for  the  aircraft  manufacturer  to  exercise 
control  during  manufacturing,  there  is  a  need  to  provide  a  permanent  record  for 
every  bonded  element  shipped.  The  pemicinent  record  must  give  information  by 
part  number,  location,  and  actual  strength  reading.  The  airline  operator  has  a 
somewhat  different  need;  he  must  have  a  means  of  follow-up.  There  is  the  require¬ 
ment  to  check  the  bonding  on  a  periodic  basis  to  monitor  its  degradation.  The 
philosophy  of  predicting  failure  in  basic  metal  structure  parts  has  been  wider 
consideration  for  a  long  time.  Certain  dramatic  strides  have  been  made  in  terms 
of  strain  gage  application  and  other  sensing  ds'vices.  Correspondingly,  all  struc¬ 
tural  elements  have  a  potential  fatigue  life.  Considering  bonded  structures,  the 
need  is  to  have  a  curve  of  degradation  so  that  the  rate  of  deterioration  can  be 
anticijiated. 

Aircraft  of  a  few  years  ago  simply  did  not  have  the  need  for  this  type  of 
inspection.  Essentially,  they  belonged  to  the  "Model  A"  days  of  aviation.  Their 
flight  hours  were  not  extensive,  they  flew  when  the  weather  was  good,  and  rela¬ 
tively  long  periods  of  layover  was  generally  the  way  the  industry  worked.  Five- 
thousand  Bight  hours  on  an  aircraft  structure  then  might  take  years  to  achieve. 
Today's  aircraft  with  their  high  degree  of  sophistication  and  their  relatively  high 
cost  must  essentially  fly  all  the  time.  They  are,  in  a  sense,  a  transportation 
factory.  Just  as  a  factory  on  the  ground  must  produce  economically,  so  must 
the  aircraft  produce.  With  ■virtually  around-the-clock  flying  in  good  weather  and 
bad,  an  aircraft  must  now  stand  20, 000  or  30,  COO  hours  for  a  safe  operating  life. 

It  is  fairly  evident  that  the  aircraft  of  the  future  will  have  more  and  more  bonded 
sections.  Their  nature  will  change  from  secondary  to  primary  structure.  With 
this  in  mind,  some  means  of  monitoring  becomes  a  must. 
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ABSTRACT 


A  imique  approach  to  nondestructive  evaluation  of  the  physical  proper¬ 
ties  of  nonmetallic  ccaiposite  materials  is  described.  An  intuitive  discus- 
sicoi  of  the  dielectric  properties  of  ccoposite  materieils  is  presented  to 
theoretically  support  the  approach  used.  Fresnel  optical  characteristics 
of  the  power  reflecrt:i<Hi  and  transmission  in  the  microwave  region  are  util¬ 
ized  as  parameters  for  measuring  variations  in  density  or  porosity  of  the 
material.  Heetsurements  were  made  using  a  swept  frequency  microwave  system. 
Shift  of  the  crltic2il  points  (minimum  or  maximum)  of  the  response  appears 
to  be  linearly  related  to  density/porosity  variations  and  thickness  varia¬ 
tions  of  the  material  in  the  range  of  interest.  Correlation  of  the  non- 
destsnictive  microwave  data  was  cbtaii^d  by  destructive  ^nsity  measurement 
and  fhotomicrogrsghic  data  showing  porcjsity  caitent  of  the  composite. 

The  tedinique  is  applicable  to  nondestructive  evaliiaticn  of  the  cxxt- 
posite  st3nictures  idiich  provide  access  to  one  side  only,  provided  that  th^ 
are  bcxided  to  or  in  contact  %ri.th  a  metallic  sxhstrate.  Mhen  both  sides  are 
accessible,  Ihrou^-transmission  techniques  using  the  same  principle  are 
£q)pli<»ble.  A  novel  technique  (Martin  Marietta  "MAGNEMIXE",  pat.  pending) 
is  used  for  measuzenent  and  correction  of  Ihichness  variaticos  which  could 
othenrlse  mask  density  measurements.  A  nomographic  calcnilator  hzs  been 
developed  for  application  of  the  thickness  correcticos  which  could  other¬ 
wise  mask  density  readings.  Advantages  and  limitations  of  the  method  eire 
discussed. 


INTRCfflOCTKM 


In  the  manufacture  of  most  multiphase  structurzil  coiqE)osite  systems 
such  cis  reinforced  glass-resin  coo^osites,  control  of  fabricaticsi  tech¬ 
niques  and  process  variables  is  not  sufficient  to  assure  that  ^nsity/ 
porosily  variaticHis  in  the  finished  product  fall  within  acceptable  limits. 
Nor  can  randcm  destructive  sampling  be  relied  upon  to  indicate  the  degree 
of  homogeneity  within  the  structure.  To  alleviate  this  prthlem,  Martin 
Marietta  initiated  a  program  to  develop  a  nonctestructive  technique  for  the 
evaluation  of  density/porosity  vcud.ations  in  the  finished  coisposite  struc¬ 
ture  using  a  swept  frequency  microwave  system. 

Causes  of  Porosity 

Density/porosity  wiaticsis  «u%  caused  by  material  and  process  vari¬ 
ables  such  as  glass-to-resin  ratios,  fiber  pre-irpregnaticjn  wettability 
(haracrteristics ,  and  variations  in  cnire  pressure,  time,  or  temperature. 

In  the  case  of  phenolics,  siliccaes,  and  melamine  resins,  polymerization 
involves  the  evolution  of  water  and  requires  specncil  procedures  for  deal¬ 
ing  with  this  problem,  e.g.  ,  time  most  be  allowed  in  ccmpressicm  molding 
to  permit  the  water  to  oatgcts  during  the  cmre  cycle.  Inc»^lete  cxit-gas- 
sing  of  the  water  during  the  cnire  cycle,  as  well  as  the  other  vsuriables 
mentioned  above,  c»n  cause  a  porosity  cnxiditicm  to  develop  in  the  mater3.al. 

Effects  of  gorosity  on  Mechanical  Prcperties 

Ihe  presence  of  pores  in  a  structure  will  obviously  xeducre  the  cncoss- 
secticmal  area  eiqxised  to  an  applied  loa^,  and  in  addition  will  act  as 
stress  concentrators.  Ihe  results,  in  turn,  redwe  the  nature  strength 
and  modulus  of  elasticity  of  the  material  or  structure.  However,  because 
of  the  ocsplex  sultiihase  ccasposition  of  most  reinforced  composite  struci- 
tores,  porosi^  effects  oust  be  considered  on  an  ^pirical  basis.  Itot 
only  is  there  no  satisfactory  mathematical  model  for  porosity  in  these 
complex  structures,  but  the  situation  is  further  explicated  by  the  fact 
that  it  is  ispossible  to  cxepletely  isolate  the  effects  of  other  in^iozt- 
ant  varieties. 

The  effects  of  porosity  are  also  very  pronounced  in  cxramic  exmposites. 
Fores  are  assumed  to  have  zero  Young’s  modulus.  The  work  of  lyskewich^ 
indicates  that  the  strength  ia]  decreases  el^onenti^□.ly  wi^  increasing 
porc^ity  for  ceramics  and  is  related  in  the  following  manner: 

(j  -  expi-nV) 

where  n  is  in  the  range  of  4-7  and  V  is  the  volraae  ^actiext  of  porosity. 
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A  small  volume  porosity  of  10  percent  has  been  observed  to  reduce  the  rup¬ 
ture  strength  to  approximately  half  that  of  a  non-porous  material.  The  de¬ 
crease  in  fractional  elastic  moduli  with  an  increase  in  the  volume  fraction 
of  pores  has  been  shown  by  Coble,  Kingery,  Kemer,  and  McKinney.  (2) 

The  shape  of  pores  is  also  important.  The  stress  concentration  varies 
considerably,  fran  very  high  values  with  elliptical  shapes  oriented  in  a 
direction  in  which  the  major  axis  is  at  right  angles  to  the  stress  axis, 
to  relatively  low  values  with  fine,  rounded  pores,  Angular  pores  also 
serve  as  microcrack  initiators  under  applied  stress. 

RELATIONSHIP  OF  DIBIgCTRIC  PROPERTIES  TO 
PHYSICAL/MECHANICAL  PROPERTIES 

An  intuitive  understanding  of  the  molecular  processes  related  to 
dielectric  and  mechanical  properties  of  composite  materials  is  a  very 
important  factor  not  only  in  the  establishment  of  failure  modes,  but  also 
in  the  logical  selection  of  techniques  for  nondestructive  measurement  of 
physical  characteristics  and  mechanical  properties  of  these  materials. 
Obviously,  the  intermolecular  currangements  as  well  as  the  nature  of  the 
molecules  in  polymers  and  glasses  will  necessarily  determine  many  of  their 
physical  and  electrical  properties. 

Dielectric  Nature  of  Polymiei^ ' 

As  with  simple  low  molecular  weight  organic  compounds,  polymers  are 
divided  into  two  groups.  First,  there  are  non-polar  polymers,  struc¬ 
tures  in  which  there  are  no  permanent  dipole  moments.  These  generally 
have  fairly  low  dielectric  constants  practically  no  dielectric  loss  and 
very  slight  .frequency  dependence  cai  these  qualities.  Examples  are  poly¬ 
ethylene  and  polytetrafluorethylene  (Teflon) .  Second,  the  vast  majority 
of  polymers  have  structures  containing  permanent  dipoles  and  many  exhibit 
dielectric  dispersion  (frequency-dependent  dielectric  constant  and  loss) 
superimposed  on-  atomic  and  electronic  polarization.  Most  of  the  struc¬ 
tural  plastics  of  interest  to  the  Aerospace  Industry  are  in  this  group 
of  polar  materials.  The  breadth  of  the  dispersion  regions  of  polar  poly¬ 
mers  is  generally  much  greater  than  c^served  in  simple  compounds  and  much 
greater  distribution  of  relaxation  times  must  therefore  be  postulated  to 
account  for  the  observations. 

Not  only  are  thorough  studies  of  dielectric  dispersion  of 'polymers 
over  a  broad-frequency  range  extremtely  scarce,  but  it  is  a  fact  that  due 
to  impurities  or  multiple  dispersicm  regions  that  are  generally  attributed 
to  multiple  phases  or  mr)des  of  dipole  rotation,  few  polymers  exhibit  di¬ 
electric  dispersion  uncomplicated  by  conductance.  Although  studies  of 
this  nature  are  quite  incomplete,  efforts  of  many  investigators  in  recent 
work  cxi  mixed  systems  involving  co-polymers  and  polymers  mixed  with  fillers 
have  given  new  insight  into  polymer  molecular  physics.  Although  a  theo¬ 
retical  treatment  of  this  area  is  much  too  detailed  to  discuss  here,  a  few 
facts  concerning  the  mechanical  and  dielectric  relaxation  will  be  mentioned 
to  serve  as  a  basis  for  the  application  and  interpretation  of  microwave 
energy  to  composite  materials  studies. 
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The  moleculeu:  relaxation  process  in  polymers  which  gives  rise  to  dielec¬ 
tric  relaxation  also  gives  rise  to  mechanical  relaxation.  This  can  be  char¬ 
acterized  by  the  shear  strain  response  to  a  sinusoidal  shear  stress  of  unit 
amplitude.  This  is  usually  a  conplex  quantity,  J*  =  J’  +  ij".  The  real  part, 
J'  is  analogous  to  e',  and  the  imaginary  part  to  e"  of  the  conplex  permittiv¬ 
ity  (e  =  e'  +  ie") .  The  mechanical  loss  tangent  J"/J' »  is  emalogous  to  the 
electrical  loss  tangent.  In  view  of  this  phenomena,  the  mechaniccil  and  die¬ 
lectric  relaxation  of  polymers  can  be  represented  conveniently  by  plots  of 
J' ,  J",  e',  or  e"  as  a  function  of  frequencj'  or  tenperature.4 

In  these  graphical  relationships,  J'  and  e’  usually  appear  on  sloping 
nonlinear  functions  of  frequency  and  tecperature ,  whereas  J"  and  e"  (loss 
tangent)  usually  have  peaks  «ind  valleys  as  a  function  of  frequency  and  tem¬ 
perature.  The  frequencies  at  which  these  changes  occur  are  dependent  upon 
the  molecular  structure  and  also  upon  the  macro-structure  (porosity  content, 
etc.).  Because  of  the  theoretical  relationship  betv;een  modulus  of  elasticity 
and  relaxation  time  of  a  material,  the  relationship  between  porosity  content 
of  a  material  and  its  modulus  of  elasticity  is  theoretically  ejqjlained  as 
well  as  empirically  verified  for  many  materials. 

Dielectric  Nature  of  Glasses 


Under  the  direction  of  von  Hippel  at  MIT  a  large  number  of  materials, 
including  many  glasses,  have  been  measured  for  both  loss  tangent  and  e’.(^) 
Morey  has  also  made  extensive  studies  of  the  dielectric  properties  of  glass. (6) 
For  quartz  and  fuzed  quartz  glass,  Moreyt®)  shows  an  aJraost  completely  linear 
relationship  between  e*  and  the  density  of  the  glass,  e'  is  a  direct  measure 
of  the  poleirizability  per  imit  volume.  The  denser  the  material  the  more 
electrons  and  ions  there  are  to  polarize.  Density,  in  turn,  is  calculable 
directly  from  composition.  Therefore,  e'  should  vary  smoothly  with  compo¬ 
sition  changes.  However  the  rigidity  of  the  structure  is  quite  important, 
since  it  affects  the  ionic  polarizability,  which  in  turn  affects  the  complex 
permittivity. 

Stevels  has  made  major  contributions  to  our  under¬ 

standing  of  the  dielectric  properties  of  glasses.  He  divides  tlie  relaxation 
phenomena  into  three  parts;  conduction  losses,  dipole  relaxation  losses, 
al^d  deformation  losses.  Conduction  losses  are  considered  negligible  above 
100  hertz.  Dipole  relaxation  losses  are  apparent  at  very  low  frequencies 
and  then  fall  to  near  zero  in  the  kilohertz  region. 

Deformation  loss  is  a  term  used  to  describe  even  more  limited  motions 
of  atoms  in  glass.  The  maximum  deformation  loss  occurs  at  about  10^^  hertz 
at  room  temperature.  Deformation  losses  can  appear  at  low  temperatures  in 
the  kilohertz-megahertz  region,  but  at  high  temperatures  they  have  moved  up 
in  frequency  leaving  a  minimum  near  10®-10®  hertz.  Vibration  losses  occur 
at  frequencies  from  10^®  and  above.  This  loss  results  from  the  fact  that 
all  the  atoms  in  glass  can  vibrate  arovmd  their  equilibrium  positions  at  fre¬ 
quencies  that  €ire  determined  both  by  their  mass  and  by  the  restoring  force 
in  their  potential  well.  Whenever  the  applied  electric  field  alternates  at 
a  fiaquency  near  that  of  one  cf  the  constituent  atcms,  the  atoms  are  excited 
to  hi^  resonant  amplitudes  and  cause  high  dielectric  losses.  This  vibra¬ 
tional  loss  is  one  of  the  most  important  losses  which  can  affect  the  swept 
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frequency  spectrum  in  the  x-band  and  Kg-band  of  the  microwave  region  and  is 
strongly  dependent  upon  the  raicrostructure  and  macrostructure  of  the  glass. 


Since  the  ccxttpiex  permittivity  and  the  complex  shear  stress  constant 
are  related  to  both  the  molecular  structure  and  the  macro-structure  of  com¬ 
posite  materieuLs,  it  is  entirely  logical  to  utilize  microwave  and  ultrasonic 
energy  to  study  the  structvire  of  these  materials,  ^k>reover,  since  there  is 
a  wide  variation  of  both  Uie  real  part  and  the  imaginary  component  of  the 
con®>lex  dielectric  constant  as  a  function  of  both  frequency  and  the  material 
structural  properties,  it  is  evident  that  the  studies  are  significantly  en¬ 
hanced  by  swept  frequency  capabilities. 

THE  SIffiPT  FBEQUSNCY  MICROWAVE  PROGRAM 
FRESNEL  REFLECTION  AND  THE  COMPLEX  POWER  REIATICMS 

Based  v5)on  the  inter-relationships  of  dielectric  properties,  mechanical 
properties,  and  physical  chciracteristics  of  ccmposite  materials,  Martin 
Marietta  has  developed  a  unique  approach  to  tlie  measurements  of  density/ 
porosity  variations  in  \anidirectional  and  bidirectional  reinforced  composite 
materials  using  swept . frequency  microwave  techniques .  Figure  1  shews  a 
typical  system  for  the  reflection  mode  and  Figure  2  shows  the  same  basic 
system  for  the  through-transmission  case. 

The  bcisic  theory  behind  the  ^proa<^  is  too  cumbersome  to  develop  in 
detcdl,  but  a  limited  e3q)lanaticHi  of  the  theoretical  basis  of  the  technique 
for  the  through-transmission  case  is  presented  in  the  ensuing  paragraphs. 

The  reflection  case  is  based  upon  the  same  concepts,  except  it  is  a  little 
nsore  coii^].icated. 

The  throug^i  transmission  system  is  shown  in  Figure  2.  The  signal  inci¬ 
dent  rpon  the  test  part  is  continuously  swept  fran  8.2  to  12.4  GHz  or  from 
26.5  to  40  GHz.  Tlie  amount  of  power  reflected  or  transmitted  from  the  first 
and  second  interface  of  the  material  for  any  specified  frequency  (and  there¬ 
fore  wavelength)  is  related  to  the  power  reflection  or  transmission  coeffi¬ 
cients  as  shown  below  for  perpendicular  polarization  where  p  is  the  reflec- 
ti.on  and  t  is  the  transmission  coefficient.'*^) 


p  =  r 


tl  -  e:q)  (-2yLo-2jY)] 

1  -  exp  (-2'?Lo-2j'i') 


(i  -  r  )  e^g)  (-fLo-jy) 
1  -  r^  exp  (-2'i'Lo-2jy) 


where  Y  =  electrical  thickness  =  I- - sin^Q) 

A  £ 

o 


Lo  =  attenuation  due  to  loss  = 


(— )  tan  6 
o  _ 

2  -  sin^  0) 

0 


. . . . . .  '  .  •'  •  .  -  -  1  ..  .  ^  .  .  . . 


1  +  jL^ 

r  =  Fresnel  (interface)  reflection  coefficient  =  - 

1+vr- jL, 

(— )  -  sin^  0 
e 

o 

e  =  equivalent  dielectric  constant  =  - - - 

®  cos  0 

(|~)  tan  6 

L,  =  reactance  due  to  loss  - - ^ - 

£  2 

2  cos  G[  (-— )  -  sin  0] 
o 

0  =  incident  angle  measured  from  normal 

d/1  =  thickness  of  specimen  in  wavelengths 

tan  6  =  loss  tcuigent 

e/e  =  relative  dielectric  constant  of  specimen. 


The  injiortant  facts  readily  discernible  from  the  above  relationships  are: 

1  The  power  reflecticai  and  transmission  coefficient,  equations  (1)  and 
(2) f  and  therefore  the  amount  of  power  reflected  or  transmitted  at  a 
specified  frequency  is  a  function  of  Fresnel's  reflection  equations, 
the  electrical  thickness  of  the  specimen,  and  the  attenuation  due  to 
dielectric  loss. 

2  The  Fresnel  reflection  as  well  as  attenuation  due  to  loss  are,  in 

""  turn,  significantly  affected  by  vciriations  in  both  the  real  part  (e*) 
and  the  loss  tangent  of  the  complex  permittivily  of  the  material, 
which  is  in  turn  relatable  to  density  (porosity  content) . 

3  The  electrical  thickness,  equation  3,  in  turn,  is  dependent  upon  the 
”  physical  thickness  of  the  material  and  the  real  component  of  the 

relative  permittivity  of  the  material. 
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Test 

Specimen 

10  dB  Dlrec-  1  WA  r  10  dB  Direc- 


Data  Display 

Bie  reflected  or  transmitted  power  as  a  function  of  frequency  is  dis¬ 
played  on  an  oscilloscope  as  shown  in  Figure  1.  As  the  frequency  spectrum 
is  swept  for  any  given  test  specimen  of  a  specific  thickness  and  ccs^^lex 
permittivity,  there  will  exist  some  point  on  tlie  spectrum  in  which  the  maxi¬ 
mum  power  will  be  ireflected  or  transmitted.  This  point  will  appear  as  a 
minimum  (or  maximum)  depending  rpon  the  polarity  of  the  detection  system. 

Moreover,  the  power  spectrum  will  gradually  taper  off  on  each  side  of 
the  minimum  as  the  frequencies  (and  therefore  wavelengths)  become  more  and 
more  unsuitable  for  optimum  power  reflection.  Therefore,  the  power  spec¬ 
trum  gives  the  2q)peeu:ance  of  a  resonance  pecOc.  Sophisticated  scopes  are 
not  required  for  the  display  system.  However,  it  is  reconmended  that  a  scope 
with  a  vernier-type  expandable  X-scaQ.e  and  a  Y-scade  expandable  to  one  milli¬ 
volt  per  centimeter  be  used. 

An  X-Y  recorder  such  as  the  HP-Moseley  7035A  also  proved  to  be  sufficient 
to  display  the  data.  Ihe  thief  limitation  of  the  recorder  is  that  time  must 
be  adlowed  for  the  recorder  to  trace  tlie  frequency  sweep  across  the  page 
with  adequate  resolution.  By  comparison,  the  scope  instantaneously  displays 
the  response  shifts. 

Test  Specimens 

Bidirectional  reinforced  Narmco  4085/2  test  specimens  were  f^ricated. 

The  material  was  baisically  fabricated  frcan  high-silica  fiberglass  tapes  pre- 
iapregnated  with  a  nitrile-modified  novolac  phenolic  resin.  The  reinforce¬ 
ment  tapes  were  ledd  tp  at  a  30  degree  angle  from  normal.  Variations  in  density/ 
porosity  were  created  by  functionally  varying  the  cure  temperature  and  pres¬ 
sure.  The  specimens  were  then  machined  to  a  uniform  thichness  to  isolate 
the  thickness  v^udLable  from  the  functional  density/microwave  relationship. 
Properly  cured  speodmens  of  the  same  material  were  later  used  to  determine 
the  thichness  function. 

NDT  Measurements 


The  system  was  assembled  as  shewn  in  Figure  1.  All  measurements  were 
taken  with  the  speodmen  in  cxxntact  with  the  waveguide  to  minimize  angle-of- 
inod.denoxe  variatioxns  and  guide-toj-sanple  distance  variations. 

Measurements  of  the  shift  in  frequenc:\'  of  the  Fresnel  minimum  as  a  func- 
ticxi  of  density/porosity  on  the  9  samples  are  shewn  in  Figure  3.  Specimens 
A,  B,  C,  and  D  shewn  in  the  figrire  were  subsecpiently  sectioned  and  photo- 
sderographed.  The  porosity  gradations  are  shewn  in  Figiure  4.  Destructive 
density  measurements  were  made  for  correlation  purposes. 

i  Besults  « 

limits  likely  to  be  encountered 
Fresnel  minimum  is  lineeurly  re¬ 
test  specd-mens.  The  shift  due 


Results  indicate  that,  within  reasonable 
in  a  production  operation,  the  shift  in  the 
lated  to  density/porosity  variations  in  the 
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Figure  3.  Shift  of  Fresnel  Minimum  for  K^-Band  Microwave  (26.5  to  40  GHz) 
as  a  Function  of  Oensity/Porosity  for  Neunnco  4085/2  Pcuiels 


to  density/porosity  variatiuts  is  attributed  to  tbe  resulting  dianges  of  t^e 
cos^lex  pennittivity  {dielectric  constant  and  loss  tangent),  and  therefore, 
the  index  of  refracticm  of  the  material. 

Further  tests  cdso  show  the  shift  of  the  response  to  be  linearly  related 
to  thickness  changes  in  the  range  of  interest.  Although  thidcness  functions 
must  be  generated  for  each  kind  of  material  tested,  a  typical  thickness  func¬ 
tion  to  illustrate  linearity  is  shown -in  Figure  5. 

Ihickness  Variations 


Since  the  shift  of  the  response  minimum  is  related  to  jhysical  thickness 
variations,  it  appears  cm  the  surf acre  that  sliest  thickness  variations  could 
mask  the  shift  due  to  density/porosity  variations.  Martin  Marietta  has  cjver- 
eexae  this  problem  by  using  a  magnetic  field  thickness  gauge,  the  Magnemike*, 
(developed  and  patented  by  Martin  Marietta)  which  will  very  eeisily  determine 
the  thickness  ncmdestrucAivsly  frcmi  cme  side  access  only.  When  this  tech¬ 
nique  is  used  in  ccmjuncticm  with  the  aicrcjwave  measurements,  the  shift  in 
the  Fresnel  minimum  can  be  readily  correcUied  for  thickness  variations  on  the 
produc±icm  part. 

A  typical  oscillcmcmpe  readout  suitable  for  production  purposes  is  shown 
in  Figure  6.  Go-no  go  limits  cmn  be  marked  on  the  scope  and  when  the  density/ 
porosity  falls  out  of  the  specified  limits,  the  item  would  be  rejeerted. 

Since  the  shift  of  the  Fresnel  minimum  is  a  lineax  function  of  both  thick¬ 
ness  and  density/porosity  variation  in  our  range  of  Interest,  a  handy  slide 
rule  has  been  developed  to  quickly  ccxivert  a  thickness  deviation  as  read  on 
the  Magnemike  into  an  appropriate  Fresi^l  shift  c»rrection.  The  slide  rule 
is  illustrated  in  Figure  7. 

CCaJCLUSIONS 

1.  Definitive  relati.onships  between  density /porosity  vjuriations  and  the  shift 
of  tlie  Fresnel  criticed  point  using  swept  frequenci?^  microwave  techniques 
have  been  established.  These  relaticxiships  are  linear  over  an  appreciably 
wide  range  (. 

2.  A  funcn:icxial  relationship  between  thickness  variation  and  Fresnel  shift 
has  been  established,  which  is  sufficiently  linear  ever  the  range  of 
interest. 

3.  Thickness  variation  can  be  cenpensated  for  by  use  of  the  Magnemike  and  a 
s31de  rule  nomograph. 


*The  Magnemike  was  developed  by  William  R.  Randle  of  Martin  Marietta.  Fur¬ 
ther  informatiem  can  be  obtained  from  the  Martin  Marietta  Corporation  Con- 
tracks  Divisicsi,  Orlando,  Florida. 
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in  Gigahertz 


Thickness  {In  Thousandths  Inch) 

Figure  5.  Frequency  Shift  of  Response  Minimum  for  X-Band  Microwave  as  a 
Function  of  Thickness  for  Bicycle  Playing  Cards  Successively  Stacked 
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4.  Depending  upon  the  production  requirements,  varying  degrees  of  automation 
sudi  as  closed  loop  thickness  corrections,  etc.  can  be  inplemented  into 
the  system, 

5.  The  swept  frequency  technique  offers  significant  advantages  over  fixed 
frequency,  microwave  bridge,  and  other  techniques  because  of  instantaneous 
display  capability,  its  wide  frequency  coverage,  its  numerical  measure¬ 
ment  capability,  and  because  it  is  more  readily  adaptable  to  the  testing 
of  a  finished  product. 

6.  The  Kj^-band  (26.5  to  40  <3iz)  provides  more  definitive  results  for  density/ 
porosity  variations  than  does  the  X-band  (8.2  to  12.4  Olz)  . 

FUTURE  WORK 


Although  the  investigation  during  this  program  was  conducted  using  cxie 
material,  it  is  recognized  that  the  swept  frequency  tedinique  is  equally 
applicable  to  a  large  nuntoer  of  composite  dielectric  materials  having  vari¬ 
ous  construction  geometries.  Future  efforts  will  be  directed  toward  using 
the  technique  with  a  variety  of  applicable  materials.  Efforts  will  also  be 
directed  toward  refining  the  geometry  of  the  system  and  the  test  set-up  to 
enhance  the  actual  testing  of  production  items  with  greater  ease  and  effi¬ 
ciency. 

The  results  of  this  program  have  firmly  established  the  feasibility  of 
xising  swept  frequency  microwave  techniques  for  the  nondestructive  measure¬ 
ment  of  physical  property  variations  in  composite  materials,  and  it  there¬ 
fore  conclusively  adds  swept  frequency  micrcwave  to  the  famiJy  of  nondestruc¬ 
tive  testing  techniques. 
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ABSTRACT 


This  paper  presents  the  approach  taken  by  The  Boeing 
Company,  Vertol  Division,  in  providing  an  integrated 
Quality  Assurance  Plan  for  an  Advemced  Geometry  Com¬ 
posite  Rotor/propeller  Blade  Program.  Included  is  a 
detailed  discussion  of  the  nondestructive  test  (NDT) 
plan  containing  specific  applications  that  will  be 
u-sed  to  control  the  quality  of  the  rotor  blade  through¬ 
out  the  fabrication  process.  In  addition,  excunples  of 
existing  inspection  systems  utilizing  the  recommended 
NDT  methods  is  given  to  demonstrate  their  suitability 
for  production  application.  These  include; 

Inspection  of  Rotor  Blade  Honeycomb  Box 
Assemblies  for  Voids  Utilizing  Infrared 
Techniques . 

Inspection  of  the  Internal  Quality  of  Rotor 
Blades  Utiliz^ing  a  Semiautomatic  X-Ray  Sensitive 
Vidicon/Image  Intensifier  System. 


Inspection  of  the  Bond  Quality  of  Rotor  Blades 
Utilizing  a  Semiautomatic  Tape  Controlled 
Ultrasonic  System. 

Inspection  of  steel  spars  utilizing  magnetic 
perturbation  techniques,  new  approach  in  non¬ 
destructive  inspection. 
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NONDESTRUCTIVE  INSPECTION 
OF 

AN  ADVANCED  GEOMETRY  COMPOSITE 
ROTOR/PROPELLER  BLADE 


INTRODUCTION 


Significant  performancs  improveinents  in  rotor/propeller 
blades  can  be  realized  by  proper  utilization  of  composite 
materials.  The  Boeing  Company's  Vertci  Division  is  en¬ 
gaged  in  very  ambitious  research  and  development  programs 
to  improve  tbs  performance  of  VTOL  and  STOL  aircraft. 

One  of  these  programs  involves  the  design,  construction, 
and  flight  evaluation  of  an  advanced  geometry  fiber 
reinforced  composite  rotor  blade.  The  program  includes 
the  use  of  several  different  fiber  reinforced  materials. 


One  of  the  most  importemt  tasks  in  the  utilization  of 
composites  is  the  development  of  the  nondestructive 
inspection  capability  to  assure  that  the  hardwcire  to  be 
tested  is  of  known  quality.  SonK:  of  the  most  challenging 
effort  comes  not  in  the  selection  of  what  nondestructive 
technique  to  use,  but  in  the  roachanism  necessary  for 
practical  application  of  that  technique  to  the  complex 
structure  of  a  rotor /propeller  blade. 


•This  is  a  discussioii  of  the  approach  taken  at  The  Boeing 
Company's  Vertol  Division  in  the  development  of  a  ncn- 
dastructdve  inspection  capability  and  an  outline  of  some 
of  the  more  interesting  nondestructive  inspection  methods 
and  systems  utilized  in  quality  measurement  of  advanced 
Boeing  Helicopter  rotor  blades. 


BLADE  DEVELOPMENT 


I  In  the  early  phases  of  aircraft  development,  a  variety  of 

I  materials;  such  as,  wood,  metal,  and  fabric,  was  used  for 

I  rotox/propeller  blade  construction.  Since  early  helicopter 

I  designs  were  limited  by  the  power  plants  available,  it  v/as 

I  necessary  to  design  the  rotor  blade  for  maximum  performance, 

I  and  the  literature  covering  the  period  from  1908  to  1945 

t  shows  a  great  variety  of  geometric  rotating  airfoil  designs. 

t 

I 

I  The  materials  available  to  the  early  designers  had  many 

I  problems.  For  example,  maintenance  difficulities  and 

I  geometric  and  balance  variations,  as  a  result  of  inade- 

f  quate  weather  resistance,  proved  to  be  major  operational 

I  problems;  but  those  materials  did  allow  the  designer  a 

I  wide  latitude  in  selecting  the  geometry  he  desired. 


In  the  1950 *s,  the  development  and  availability  of  the 
turbine  engine,  coupled  with  available  metal  alloys  and 
fejbrication  techniques,  drastically  changed  blade  design 
concepts.  Power  became  availcdsle,  and  mass  production  of 
reliable  blades  having  closely  matched  properties  of  stiff¬ 
ness,  weight,  and  moisture  resistance  became  the  industry 
goal.  This  approach,  however,  had  its  penalty.  Geometric 
design  freedom  was  lost.  Metal  working  mass  production 
technology  forced  the  designer  to  create  helicopter  rotor 
blades  with  a  constant  chord,  constant  airfoil,  and  constant 
twist. 


The  result  has  been  an  almost  uniform  limit  on  current 
helicopter  speed  auid  performance.  The  problems  of  advanc¬ 
ing  tip  mach  number  and  retreating  tip  stall,  coupled 
with  dyncunic  instability  limits  inherent  in  monolithic 
metal,  constant  cross-secticn,  rotating  airfoils,  re¬ 
sulted  in  blade  lift  to  drag  ratios  around  8  to  140  knots. 
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wind  tunnal  tests  have  shown  that  significant  rotor  per¬ 
formance  improvements  cam  be  realized  through  the  selec¬ 
tion  of  a  rotor  geometry  in  which  the  blade  airfoil  sections 
progressively  change  along  the  radius  to  match  e^ch  zone 
of  its  aerodynaunic  environment. 


Fiber  reinforced  ccmponite  materials  currently  available 
to  industry  allow  the  designer  to  recapture  the  geometric 
freedom  of  the  past  and  design  his  blade  to  parfoim<  under 
high  power  and  load  conditions  by  varying  the  strength, 
weight,  and  stiffness  of  his  materials,  thus  controlling 
dynamic  response.  In  addition,  he  can  tailor  the  blade 
geometry  to  satisfy  specific  aerodynaunic  requirements, 
amd  at  the  s^me  time  improve  fatigue  life  and  eliminate 
the  corrosion  problems  inherent  in  metal  structures. 

In  a  flight  and  materials  reseaurch  program  requiring  a 
limited  number  cf  blades,  the  composite  blades  required 
cam  be  produced  with  a  much  lower  investment . in  tooling. 


PAST  EXPERIENCE 


The  use  of  fibrous  reinforced  cou^josite  materials  has  b^n 
increasing  rapidly  in  the  past  few  yeaurs.  Significant 
progress  has  been  made  since  1960  in  the  development  of 
composite  materials  and  their  utilization  in  advamced 
aerospace  amd  aircraft  structures. 


The  Boeing  Company  har  been  closely  associated  with  tlie 
use  of  composite  mutazials  in  aircraft  and  aerospace 
structures.  Extensive  practical  experience  has  been 
gained  in  such  vehicles  as  the  B-47,  B-52,  707,  727, 
Minuteman,  amd  CH-46/CE-47  Helicopters.  The  use  of 
composites  has  steadily  increased  from  a  few  pounds  on 
the  B-47  to  approximately  7%  percent  of  the  airframe 
weight  on  the  747  program  and  with  a  substantial  per¬ 
centage  planned  for  the  Light  Intra-Theater  Tremsport 
(LIT) . 
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A  technology  base  has  already  been  established  at  Boeing 
for  the  application  of  glass-fiber  reinforced  composites 
in  the  fabrication  of  helicopter  rotor  blades  :*nd  other 
structures.  From  1954  to  1962,  intensive  research  into 
materials  and  fabrication  techniques,  backed  up  by  com¬ 
ponent  and  sample  fatigue  testing,  was  performed.  Three 
E-glass  fiber  reinforced  epoxy  matrix  composite  rotor 
blades  with  a  29.5  -  foot  radius  and  25-inch  chord,  suit¬ 
able  for  the  CH-47  Chinook  Helicopter,  were  fabricated 
and  have  successfully  completed  142  hours  of  whirl  tower 
testing.  Since  then,  Boeing  has  continued  its  efforts 
to  advance  the  technology  of  fiber  reinforced  composites. 
These  efforts  have  included  the  design  and  fabrication 
of  12  Advanced  Geometry  S-glass  Reinforced  Composite 
(AGB)  Rotor  Blades,  in  addition,  an  Advanced  Geometry 
Rotor  Blade  Program,  utilizing  high  modulus  (boron) 
filaments,  is  currently  being  conducted  under  contract 
to  the  Air  Force  Materials  Laboratory. 


The  successful  use  of  fiber  reinforced  composite  materials 
in  helicopter  rotor  blades  leads  naturally  to  an  improved 
capability  for  a  successful  V/STOL  propeller  design.  The 
V/STOL  propeller  is,  by  nature,  a  high  performance  aero¬ 
dynamic  system  requiring  design  features  which  include 
spanwise  variations  in  chord  thickness,  twist  and  air¬ 
foil  section.  It.  aerodynamic  requirements  over  -.e 
flight  range,  froia  hover  to  maximum  forv.’ard  speed,  re¬ 
presents  a  level  of  design  sophistication  exceeding  that 
for  current  helicopter  rotor' blades. 


ROTOR  BLADE  LOADING  AND  STRUCTURE 


In  order  to  fully  appreciate  the  enormity  and  importanr ' 
of  the  nondestructive  inspection  job  to  be  done,  one  m..st 
be  aware  of  the  types  of  loads  rotor  blades  "see"  and  the 
^  ■  general  .construction  of  the  blade. 

Rotor  blades  in  service  are  stibjected  to  a  variety  of 
static  and  cyclic  loads.  These  loads  include  beam, 
centrifugal,  torsional,  and  flapwise  and  chordwise  bend¬ 
ing.  Some  of  these  loads  are  schematically  shown  as 
Figure  1. 
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BEAM  LOADS 


CENTRIFUGAL  LOADS 


FLAPWISE  BENDING 
LOADS 


The  Boeing  Company's  advanced  geometry  composite  rotor 
blade  is  shown  in  a  cut-away  and  sub-assembly  sketch  as 
Figure  2. 


FIGURE  2 

BLADE  BUILD-UP  CUT-AWAY 


The  main  structural  member,  the  spar,  is  a  combination 
unidirectional  and  crossply  layup.  The  unidirectional 
fibers  provide  the  blade  spanwise  strength,  while  the 
corssply  or  bias  layup  offers  torsional  stiffness.  The 
stcibilized  core  is  composed  of  alvuninum  honeyconOD  core 
covered  with  a  single  ply  of  fiberglass  as  a  stiffner. 
During  construction,  the  stabilized  core  is  inserted  in 
the  spar  cuid  bonded.  This  sub-assembly,  after  addition 
of  the  leading  edge  weight,  is  then  completely  wrapped 
with  .fiberglass.  A  titeinium  or  stainless  steel  nosecap 
is  added  to  provide  erosion  protection. 


The  above  discussion  has  been  greatly  simplified  and  does 
not  include  all  details,  but  will  be  satisfactory  for  the 
purpose  of  this  paper. 


Figure  3  shows  cross-sectional  construction  views  of  some 
of  the  composite  rotor/propeller  blades  that  are  either 
in  use  now  or  proposed  for  use  in  the  near  future. 
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FIGURE  3 

TYPICAL  COMPOSITE  BLADE  CONSTRUCTION 


Figure  4  shows  the  plan  view  of  The  Boeing  Company/Vertol 
Division  advanced  geometry  composite  rotor  blade,  and 
Figure  5  shows  a  full  scale  model  of  a  tilt  wing  composite 
propeller  blade  under  development  by  the  Vertol  Division. 
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NONDESTRUCTIVE  INSPECTION  CONSIDERATIONS 


Nondestructive  inspection  technology  has  not  been  ad¬ 
vanced  to  the  point  where  it  alone  is  capable  of  assur¬ 
ing  product  quality.  There  are  a  number  of  variables  in 
the  materials  and  processes  used  in  composite  structures 
that  must  be  very  carefully  controlled  in  view  of  non¬ 
destructive  inspection  technology  limitations.  These 
controls  used  in  conjunction  with  available  nondestruc¬ 
tive  inspections  can  go  a  long  way  toward  assuring  product 
quality.  All  too  often,  industry  tries  to  design  and 
build  complex  composite  structures  and  then,  upon  comple¬ 
tion,  attempts  to  measure  quality.  Obviously,  it  cannot 
be  done  and  the  result  has  led  to  a  series  of  disappoint¬ 
ments  which  have  undoubtedly  hampered  the  advancement 
of  application  of  composites  to  critical  structures. 

There  is  not,  for  instance,  any  reliable  nondestructive 
technique  to  measure  bond  strength.  This  can  only  be 
assured  through  good  process  control  and  a  nondestruc¬ 
tive  inspection  for  voids  and/or  unbonded  (disbonded) 
areas . 


Bonded  sub-asseinblies  must  be  nondestructively  inspected 
prior  to  incorporation  in  the  end  assembly.  This  situa¬ 
tion  can  sometimes  be  a  real  problem  from  the  contamination 
standpoint.  In  some  cases,  this  situation  can  dictate 
hardware  design  and  in  almost  all  cases,  affects  both 
prior  and  subsequent  processing. 


QUALITY  CONTROL  CAPABILITY  STUDY  AND  NDT  PLAN 

The  Quality  Control  Capability  Study,  originated  at  Boeing, 
is  one  of  the  basic  techniques  used  to  assure  that  all  chaur- 
acteristics  of  the  design  are  considered  in  determining 
design  inspectability .  This  study  is  made  concurrent  with 
design  and,  as  such,  any  design  and/or  process  changes  re¬ 
quired  to  enable  measurement  of  quality  can  be  easily 
accomplished. 

A  typical  capability  Study,  shown  as  Figure  6,  involves  a 
detailed  breakdown  of  the  design  and  processing  to  the  basic 
characteristics  that  must  be  controlled.  The  Study  shown  is 
one  that  was  performed  for  a  1:7  scale  wind  tunnel  test  blade. 
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The  Nondestructive  Test  PlcUi  evolves  during  the  Capability 
Study.  This  plan  forms  a  guide  for  nondestructive  tech¬ 
nology  development  as  well  as  a  skeleton  plan  for  hcurdware 
inspection.  Figure  7  shows  the  Nondestructive  Test  Plan 
that  was  developed  for  our  Advanced  Geometry  Rotor  Blade. 
The  Nondestructive  Test  Plans  being  developed  for  the 
Boeing  composite  rotor  and  propeller  blade  production 
prograuns  are  much  more  complete  euid  take  advantage  of  some 
of  the  nondestructive  test  methods,  such  as  magnetic  per¬ 
turbation,  microwave,  electric  injection,  neutron  radio¬ 
graphy,  and  ultrasonic  longitudinal  wave  velocity  which 
are  in  development  in  our  Iciboratcries .  The  plan  shown 
is  not  convicted  in  detail,  but  it  does  illustrate  the 
general  flow  of  processing  and  the  nondestructive  inspec¬ 
tion  methods  to  be  considered  for  use  at  each  sub-assezibly 
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NONDESTRUCTIVE  TEST  PLAN 
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NONDESTRUCTIVE  INSPECTION  MSTflOD  DISCUSSION 


The  following  discussion  will  treat  certain  of  the  in¬ 
spection  methods  shown  on  the  NDT  Plan  from  both  a  con¬ 
ceptual  and  actual  standpoint. 

Spar  Inspection 

The  main  structural  member  of  the  blade  can  be  either  a 
metallic  or  a  composite  structure.  For  the  purpose  of 
this  discussion,  we  will  assume  that  the  metallic  spar  is 
tubular  and  that  the  cc;;:posite  spar  is  a  solid  laminate 
structure.  From  the  nondestructive  inspection  standpoint, 
we  must  be  concerned  with  notch-type  defects  and  inclusions 
in  the  metallic  structure  and  laminar  defects  and  fiber 
orientation  in  the  composite  structure.  In  addition, 
material  conditions  such  as  hardness  and  structure  in  the 
metallics  and  resin  content  cind  degree  of  cure  in  the  com¬ 
posites  must  be  considered. 


Magnetic  particle,  liquid  penetrant,  and  ultrasonic  tech¬ 
niques  have  been  accepted  methods  of  defect  detection  in 
wrought  metals  for  several  years.  Recent  developments  by 
The  Southwest  Research  Institute  have  resulted  in  a  re¬ 
latively  new  inspection  method  called  magnetic  perturbation 
The  technique  obviously  is  applicable  to  ferro-magnetic 
materials  only.  This  inspection  technique  is  now  being 
utilized  on  H-46  helicopter  rotor  blade  spars  that  were 
fcibricated  prior  to  the  time  that  ultrasonic  inspection 
was  incorporated  in  the  H-46  spar  production  program. 

Eddy  current  and  ultrasonic  techniques  are  under  study 
for  use  in  establishing  material  phase  condition  in  tit¬ 
anium  alloys.  The  following  offers  a  brief  description 
of  the  ultrasonic  cind  magnetic  perturbation  inspection 
techniques  and  equipment  in  use  at  Boeing  for  rotor  blade 
spar  inspection: 

Ultrasonic  Inspection 

Detection  of  very  tight  surface  originating  and  inter¬ 
nal  material  defects  in  CR-46  and  CH-47  rotor  blade 
spar  tubes  is  accomplished  utilizing  a  four-directional 
sheen:  wave  ultrasonic  technique. 
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The  inspection  system,  shown  as  Figure  8,  consists  of 
a  tank  45  feet  long  equipped  with  a  variable  speed 
bridge,  a  4-channel  ultrasonic  system-  and  a  tvibe  bow 
following  transducer  manipiilator . 


FIGURE  8 

ROTOR  BLADE  SPAR  TUBE 
ULTRASONIC  INSPECTION  SYSTEM 

The  rotor  blade  spar  tube.  Figure  9,  is  rotated  at  108 
RPM  during  inspection  v/ith  a  bridge  speed  set  for  a 
1/8"  per  tube  revolution  index.  The  four  transducers 
are  mounted  in  such  a  mcmner  that  shear  waves  are  intro 
duced  into  the  spar  material  in  opposite  peripheral 
and  opposite  transverse  directions.  The  bridge  arrange 
ment  is  shown  as  Figure  10. 


Figure  11  shows  the  scope  trace  for  an  acceptable  and 
a  rejectable  condition.  The  rejectable  condition 
shown  is  for  a  reference  standard  slot  of  .005"  deep 
and  .100"  long. 


ACCEPTABLE 


FIGURE  11 

SHEARWAVE  ULTRASCWIC 
SCOPE  PRESENTATION 
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Magnetic  Perturbati'on  Inspection 

The  fact  that  small  laps,  not  detactable  by  standard 
'•  magnetic  particle  inspection  techniques,  could 
possibly  exist  in  the  CH-46  rotor  blade  spars  prompted 
the  development  of  a  nondestructive  inspection  tech¬ 
nique  which  is  proving  to  be  an  advancement  in  the 
state-of-the-art.  The  technique,  magnetic  per¬ 
turbation,  improved  and  refined  by  The  Southwest 
Research  Institute;  in  conjunction  with  The  Boeing 
Company,  Vertol  Division,  is  being  applied  to  blades 
that  have  been  in  service.  The  system  is  shown  as 
Figure  12. 


Basically,  the  technique  works  as  follows;  When 
an  external  magnetic  field  is  applied  to  a  ferro¬ 
magnetic  work  piece,  the  induced  flux  in  the  metal 
is  dependent  on  the  strength  of  the  field  constant, 
any  localized  eirea  of  decreased  permeability,  such 
as  a  lap,  will  offer  reluctance  to  the  flux,  causing 
it  to  seek  a  path  of  higher  permeability  around  this 
area,  in  taking  this  path,  the  adjacent  flux  lines 
are  displaced  from  their  normal  paths,  hence  the 
name  "magnetic  perturbation".  This  displacement 
affects  the  flux  lines  at  the  surface  of  the  metal 
and  forces  them  to  take  a  curved  path,  part  of 
which  extends  above  the  surface  of  the  metal. 


RKOBE  MEAD  ASSEMILY 


This  situation  is  depicted  in  a  sketch  shown  as 
Figure  13.  When  a  coil  or  Hall  element  probe  is 
moved  parallel  to  the  surface  of  the  metal,  it 
will  cut  these  "perturbed-"  flux  lines  both  at  the 
point  of  emergence  and/or  re-entry,  causing  a 
voltage  to  be  induced  in  the  probe.  Measurement 
and  analysis  of  the  voltage  is  the  heart  of  the 
magnetic  perturbation  technology.  This  technique 
has  been  applied  to  the  CH-46  rotor  blade  con¬ 
figuration.  The  system  is  designed  for  nearly 
automatic  operation.  The  envelope  is  four  feet 
wide  by  sixty-three  feet  long.  Two  moving  carr¬ 
iages  support  the  blade  which  is  attached  at  the 
tip  weight  studs  and  at  the  root  end  clamp  band. 
The  blade  is  bridged  (root  end  first)  through  a 
magnetizing  solenoid  coil  which  is  located  at 
the  center  of  the  envelope.  The  drive  system 
oscillates  the  blade  from  one  end  of  the  base 
to  the  other  at  speeds  of  250-450  inches  per 
minute,  depending  on  the  area  of  the  spar  b«ing 
inspected. 


FIGURE  13 

MAGNETIC  PERTURBATION  INSPECTION  PRINCIPLE 


The  probe  carriage,  shovm  as?  Figure  14,  is  canti¬ 
levered  on  the  end  of  a  27 '  long  support  arm  such 
that  it  is  positioned  in  the  center  of  the  solenoid, 
and  enters  the  I.D.  of  the  spar  at  the  root  end,  as 
the  nlade  is  initiai^ly  positioned  throvigh  the  sol¬ 
enoid.  on-.--  the  cc.j:>'  iug«  ,  ■'.i  the  spar,  it  rides 
on  the  afr,  or  heel,  su.  iu_ . 


FIGURE  14 

MAGNETIC  PERTURBATION 
INSPECTION  SYSTEM 
PROBE  CARRIAGE 


The  probe  assemblies  contain  various  nvunbers  of  coils 
and  2u:e  mounted  to  the  carriage  with  pre-loaded  springs. 
Lift  off  is  accomplished  by  means  of  air  coupling  and 
averages  between  one  and  two  mils  off  the  inside  surface. 
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Defects  on  the  outside  surface  of  the  spar,  sub-surface, 
and  on  the  inside  surface  are  detected  by  this  scan  of 
the  I.D.  The  paint  layer  on  the  I.D.  has  negligible 
effect  on  signal  strength  except  where  excessive  paint 
causes  in^jreesed  lift-off  from  the  spar,  if  this 
occurs,  the  malfunction  alarm  sounds  and,  after 
cinalysis,  thtj  paint  is  removed. 


No  more  than  10  ceils  are  scanning  during  any  one 
scan  cycle.  A  scan  cycle  consists  of  one  complete 
round  trip  between  scan  limits  and  over  the  same 
scan  track.  There  are  three  conditions  of  read¬ 
out  analyzed  and  alarmed  by  the  system -  defect, 

malfunction,  and  hi-level.  The  "defect"  alarm  is 
triggered  by  a  signal  having  a  voltage  above  a 
preset  stcindard.  The  "malf- notion"  alarm  is  trigg¬ 
ered  by  loss  of  background  such  as  would  occur  with 
excessive  lift-off  or  a  broken  coil.  The  "hi-level" 
alarm  will  trigger  if  excessive  background  should 
occur  which  could  drown  out  a  defect  signal.  The 
latter  capability  was  added  as  a  precaution  in  the 
event  isolated  spars  would  contain  "different" 
permeability  levels.  Of  25  spars  run  at  vendor 
checkout  no  hi-level  condition  was  experienced. 
Under  all  three  aforementioned  conditions,  the 
machine  stops,  cm  alarm  bell  sounds,  and  an 
identifying  signal  light  comes  on. 


A  manual  or  "record"  mode  is  built  into  the  unit 
but  this  capability  is  not  readily  available  to 
the  operator.  The  manual  controls,  whic.i  are  behind 
a  locked  pemel,  permit  qualified  personn'l  to  vary 
operating  speeds,  magnetism,  and  to  recoil  signal 
shape  for  amalysis.  The  control  console  is  shown  as 
Figure  15.  Based  on  previous  research  data,  signal 
shape  defines  various  characteristics  of  a  defect; 
such  as,  size,  distemce  from  the  surface,  type  of 
defect,  etc.  A  typical  recording  of  a  .005"  deep 
X  .100"  long  defect  is  shown  as  Figure  16. 
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FIGURE  15 


MAGNETIC  PERTURBATION 
INSPECTION  SYSTEM 
CONSOLE 


FIGURE  16 

MAGNETIC  PERTURBATION  DEFECT  SIGNAL 


The  magnetic  perturbation  technique  offers  a  wide 
range  of  opportunity  for  nondestructive  testing 
of  paramagnetic  materials  to  a  degree  of  sensitivity 
beyond  current  capeibility.  Within  applicable  limits, 
resolution  cind  definition  are  as  good  as,  if  not 
better  than,  any  other  method  of  nondestructive 
testing. 


Radiographic  euid  Ultrasonic  Inspection 


Penetrating  radiation  and  ultrasonic  inspection  are 
the  most  common  nondestructive  inspection  methods 
utilized  for  detection  of  IcuninEu:  defects  in  solid 
fiber -resin  laminates.  The  incorporation  of  a  dense 
tracer  fiber  during  lay-up  is  very  helpful  in  deter¬ 
mining  viniform  Izuninate  structure.  The  tracer  fiber 
is  readily  visible  on  the  radiographic  film  or  imaging 
device  during  normal  x-ray  inspection.  Figure  17  is 
a  radiograph  showing  the  lead  silicate  fibers  incor¬ 
porated  during  the  lay-up  of  The  Boeing  company's 
Advanced  Geometry  Composite  Rotor  Blade  Spar. 


FIGURE  17 

RADIOGRAPH  OF  LEAD  GLASS 
STRANDS  IN  SOLID  LAMINATE 


The  detection  of  laminar  defects  and  voids  is  of 
paramount  importance  in  the  inspection  of  the  main 
structural  member  of  the  blade.  Ultrasonic  tech¬ 
niques  are  the  most  commonly  used  for  this  inspec¬ 
tion.  We  have  selected  ultrasonic  techniques  for 
the  detection  of  voids  cind  laminar  defects  in  the 
advanced  geometry  composite  rotor  blade  spar.  The 
basic  technique  involves  the  use  of  a  reflector 
plate  placed  within  the  spar.  Figure  18. 


FIGURE  18 

ULTRASONIC  REFLECTOR  CONCEPT 


The  percentage  loss  of  back  signal  reflection  is 
utilized  for  the  detection  of  voids  and  laminar 
defects.  The  part  is  ixamersed  in  water  and  in¬ 
spected  utilizing  a  2.25  roc-1/2''  transducer. 

Figure  19  shows  an  ultrasonic  C-scan  recording  of 
a  wedge  ranging  from  1/16"  to  1"  in  thickness,  with 
built-in  laminar  defects.  Figure  20  shows  a  full 
length  spair  being  inspected  using  the  reflector  plate 
concept . 


Resin  Content 


Experience  has  shown  that  in  the  fabrication  of  fiber 
reinforced  structures,  not  enough  is  known  about  con¬ 
trolling  process  parcimeters  to  enable  the  production 
of  reproducibly  \miform  parte.  Consequently,  the 
normal  result  is  the  production  of  hardware  showing 
considerable  variability  between  and  within  similar 
parts . 


The  strength  and  fatigue  life  of  fiber  reinfotoed 
composite  structures  depend  upon  many  factors.  A 
very  in5)ortant  one  is  the  resin/reinforcement  ratio. 
At  present,  this  ratio  is  determined  on  process  con¬ 
trol  specimens  by  burn-out  analysis.  Investigations 
cire  being  conducted  to  develop  or  define  a  nondes¬ 
tructive  test  technique  to  perform  this  inspection  on 
actual  hardware. 


Two  NDT  techniques  cire  being  investigated,  the  beta 
backscatter  method  and  ultrasonic  longitudinal  wave 
velocity.  It  has  been  concluded,  on  the  results  ob¬ 
tained  to  date,  that  a  good  correlation  exists  between 
the  test  results  from  both  NDT  techniques  and  resin 
content. 
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FIGURE  20 

ADVANCED  GEOMETRY  BLADE  C-SPAR  ULTRASONIC  INSPECTION 


Figure  21  is  a  calibration  curve  that  has  been  gen¬ 
erated  by  plotting  the  nondestructive  test  results 
against  resin  content  as  determined  by  an  average  of 
three  burn-out  readings  per  specimen.  Regression 
analysis  for  each  set  of  points  indicates  that  the 
relationship  is  a  linear  one  and  can  be  accurately 
represented  by  a  straight  line.  The  ultrasonic 
longitudinal  wave  velocity  measurement  is  the  more 
desirable  of  the  two  in  that  it  represents  the  total 
thickness  of  the  part  rather  than  just  the  surface 
as  is  the  case  with  beta  backscatter. 


Microwaves 

Microwaves  have  been  used  for  years  in  the  field  of 
communications,  but  their  application  to  nondestruc¬ 
tive  inspection  is  a  relatively  new  technology.  The 
nature  of  microwaves  is  such  that  they  may  be  suitable 
for  flaw  detection,  moisture  determination,  thickness 
gaging,  and  many  other  material  characteristics. 

We  are  presently  engaged  in  efforts,  utilizing  micro- 
waves,  to  determine  resin  content  and  uniformity, 
measure  material  thicknesses  from  one  side,  detect 
flaws,  and  determine  "state  of  cure"  of  non-metallic 
structures.  Our  work  in  this  area  is  not  far  enough 
along  to  draw  good  conclusions,  but  the  literature 
indicates  that  the  use  of  microwave  inspection  tech¬ 
niques  has  good  application  in  certain  areas. 

Core  Inspection 

The  skin  supporting  structure  for  composite  blades  can 
take  several  forms.  In  the  case  of  the  Boelkow  BO  105 
Helicopter  Rotor  Blade,  the  core  is  foam;  in  the  case 
of  the  Boeing  Advanced  Geometry  Rotor  Blade,  the  core 
is  fiberglass  skin-stabilized  honeycomb;  and  in  the 
case  of  the  Marco  blades  in  the  Boeing  V/STOL  wind 
tunnel,  the  outer  skin  is  supported  by  integral  ribs 
and  webbing. 
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The  amount  of  inspection  perfotmed  on  the  foam  core, 
as  a  detail,  is  not  extensive  and  may  involve  as 
little  as  just  penetrating  radiation  inspection  for 
voids  and  completely  unfoamed  areas.  Development  effort 
is  underway  to  utilize  gamma  absorption  and  microwave 
techniques  to  determine  completeness  of  cure,  but 
material  and  process  controls  are  still  the  primary- 
basis  for  acceptance. 


integral  stiffening  does  not  result  in  skin  support 
details,  therefore,  inspection  is  performed  on  the 
finished  structure  as  discussed  later  in  the  text. 


Skin  stabilized  honeycomb  core,  which  is  the  outer 
core  support  on  the  Boeing  Advanced  Geometry  composite 
Rotor  Blade,  can  provide  some  interesting  nondestruc¬ 
tive  inspection  applications.  The  primary  area  of 
concern  is  the  presence  of  voids  or  unbond  between  the 
stabilizing  skin  and  the  honeycomb.  Both  infrared  and 
ultrasonic  techniques  are  candidates  for  this  inspection. 
Figure  22  shows  comparative  ultrasonic  and  infrared 
recordings  of  a  boron  skin  honeycomb  sandwich  panel. 


...nfrared  Inspection 

Infrared  techniques  are  very  good  for  this  inspec¬ 
tion  in  that  the  stabilized  core  does  not  necessarily 
become  contaminated  as  is  the  case  with  ultrasonic 
methods.  Both  the  transient  and  thini-transmission 
methods  can  be  used.  These  two  techniques  are 
schematically  shown  as  Figure  23. 
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INFRARED 
FIGURE  22 

COMPARATIVE  RECORDINGS  OF 
VOIDS  IN  BORON  SANDWICH  STRUCTURE 
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An  excunple  of  this  application  is  the  Infrared  Bond 
Inspection  System  used  for  detection  of  bondline 
voids  in  the  CH-47B  Rotor  Blade  Box,  Figure  24.  The 
system  is  a  closed  circuit  video  unit  capable  of  gen¬ 
erating  and  displaying  a  presentation  of  the  normally 
invisible  infrared  energy  radiating  from  the  material. 
The  radiation  pattern  from  the  scanned  object  appears 
as  a  visible  image,  containing  approximately  15,000 
picture  elements,  on  a  CRT  display  unit. 


FIGURE  24 


CH47B  ROTOR  BLADE  BOX 


The  System,  shown  as  Figure  25,  was  designed  emd  built 
by  Sierra  Electronic  Division  of  The  Philco-Ford  Company 
to  specifications  supplied  by  The  Boeing  Compemy/Vertol 
Division. 
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figure  25 

infrared  inspection  system 


. . . . . . . . 


A  thermal  or  infrared  pattern  is  generated  on  the 
front  surface  of  the  structure  being  inspected  by 
the  strategic  application  of  heat  to  the  back  and 
side  surfaces  of  the  honeycomb  box  and  the  appli¬ 
cation  of  forced  air  cooling  to  the  front  surface. 
The  applied  heat  is  readily  transmitted  to  the  front 
surface  of  the  honeycomb  box  if  the  bonded  joint  “is 
■  ‘acceptable.  Cool  spots  on  the  front  surface  of  the 
boXf  which  represent  bondline  defects,  are  readily 
detected  and  are  presented  for  analysis  on  the  dis¬ 
play  console.  A  photograph  of  the  display  showing 
bondline  voids  is  shown  as  Figure  26.  Both  "A”  and 
"C**  scan  presentations  are  shown. 


FIGURE  26 

INFRARED  PRESENTATICaJ  SHOWING 
BONDLINE  VOIDS 


The  system  provides  a  means  for  conveniently  heating  ^ 
and  cooling  the  appropriate  surfeu:es  of  the  box  sections 
and  moving  the  structure  through  the  infrared  field  of 
view.  The  cooling  elements  and  peurts  handling  sub¬ 
system  are  shown  in  Figure  27 . 
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FIGURE  27 

INFRARED  BOND  INSPECTION  SYSTEM 
PARTS  HANDLING  &  HEATING  SUB-SYSTEM 
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When  the  operator  at  the  console  detects  a  bond¬ 
line  void,  provisions  have  been  made  by  the  use 
of  a  remote  control  spotlight  for  identifying  the 
location  of  the  flaw  so  that  it  ceui  be  marked  on 
the  structure  itself.  A  sepcurate  display  with  a  polaroid 
back  is  mounted  in  the  console  to  permit  permanent 
photographic  records  of  any  bondline  defects. 


Ultrasonic  Inspection 

Ultrasonic  Inspection  is  very  applicable  to  detection 
of  bondline  voids  betvreen  the  stabilizing  skin  cuid 
honeycomb  core;  provided  a  peel-ply  is  integral  on 
the  skin,  or  the  structure  is  cleaned  after  inspec¬ 
tion.  Figure  28  is  an  ultrasonic  recording  showing 
skin-core  voids  in  a  typical  szmdwich  structure. 
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Figure  29  shows  the  stabilized  core  of  the  advanced 
geometry  composite  (boron)  rotor  blade  being  ultra- 
sonically  inspected  in  the  Automated  Ultrasonic 
Inspection  System  at  ’ihe  Boeing  Compciny/Vertol 
Division  facility,  '’■’he  Automated  Ultrasonic 
Inspection  System  is  discussed  in  detail  later 
in  the  text- 


Neutron  Radiography 


One  of  the  newer  technologies  in  nondestructive  in¬ 
spection  of  composites  is  neutron  radiography.  Neu- 
trou  radiography,  as  reported  by  Edward  Perry  of  our 
Wichita  Division,  offers  a  unique  method  for  the  non¬ 
destructive  examination  of  composites  because  the  non- 
metallic  members  are  usually  stronger  neutron  absorbers 
than  most  of  the  common  structural  metals^  This  singu¬ 
lar  selectivity  is  in  sharp  contrast  with  other  forms 
of  penetranting  radiation  such  as  gamma,  beta,  and 
x-rays.  These  all  require  a  relatively  high  energy 
to  penetrate  the  outer  metallic  cr  -er,  such  as  alum¬ 
inum,  magnesium,  and  steel,  whereas  the  low  density, 
low  atomic  numbered  adhesives  and  filaments  are 
virtually  transparent.  Gamma,  beta,  and  x-radiography 
of  such  composites  is  difficult  and  usually  impossible 
to  perform. 


An  excimination  of  the  Mass  Absorption  coefficient 
versus  Atomic  Number  Chart,  Figure  30,  shows  that 
attenuation  of  x-rays  increases  with  increasing  atomic 
number.  The  attenuation  of  thermal  neutrons  by  the 
elements  does  not  follow  any  recognizable  pattern, 
and  this  property  of  elemental  materials  is  almost 
completely  independent  of  the  atomic  number,  in 
general,  thick,  dense  objects  appear  lighter  on 
radiographic  film  than  do  thinner,  less  dense  ob¬ 
jects;  but  there  are  notable  exceptions.  Radio¬ 
graphy  with  thermal  neutrons  is  especially  selective 
to  hydrogen  (which  adhesives  and  resins  contain  in 
significant  amounts) ;  also  with  boron  (such  as  in  the 
monofilament,  eind  in  the  borosilicate  fiberglass) ; 
and  also  with  cadmium  and  gadolinium.  Note  that  the 
structural  metals  magnesitim,  aluminum,  vanadium, 
chromium,  iron,  nickel,  copper  and  zine  produce  only 
very  slight  differences  in  mass  absorption  coeffi¬ 
cients.  Silver,  indium,  iridivun  and  gold  provide 
slightly  higher  thermal  neutron  attenuation  than  do 
the  structural  metals,  but  again  the  small  range  in 
mass  absorption  values  would  make  identification  of 
these  elements  difficult  by  neutron  radiography. 


38 


MASS  ABSORPTION  COEFFICIENT  ^//u) 


B'lGURE  30 

MASS  ABSORPTION  COEFFICIENT  VS.  ATOMIC  NUMBER 


Lead  is  often  termed  a  window  for  thermal  neutrons, 
and  uranium  would  be  also  except  that  fission  events 
occur  to  release  additional  energy  forms.  Trans¬ 
lated  to  radiographic  film,  fiberglass  and  boron  re¬ 
inforced  polymers  and  adhesives  are  easily  shown  be¬ 
neath  layers  of  aluminum,  steel,  magnesium,  or  titan¬ 
ium  structural  metal  alloys,  when  thermal  neutrons 
are  beamed  through  the  composite. 
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Images  showing  a  resolution  of  better  than  4  mils  per 
inch  of  object  thickness  have  become  routine#  and 
higher  resolutions  are  obtainable  by  decreasing  the 
beam  aperature  and  increasing  the  exposure  time. 

The  use  of  a  gadolinium  foil  behind  the  film  allows 
a  direct  film  exposure  technique,  when  the  beam  is 
free  of  gamma  radiation,  and  this  method  produces 
better  resolution  than  the  foil  transfer  technique. 

In  the  foil  transfer  technique,  the  dysprosium  or 
indium  foil  is  exposed  and  then  laid  on  the  film  during 
the  radioactive  decay  of  the  foil. 


Figure  31  shows  some  neutron  radiographs  of  typical 
composite  structures.  The  significant  thing  to  note 
is  that  the  honeycomb  pattern  shown  is  the  adhesive 
fillet,  not  the  actual  aluminum  honeycomb. 


FIGURE  31 

NEUTRON  RADIOGRAPHS  OF  HONEYCOMB  SANDWICH  STRUCTURE 
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Completed  Blade  Inspection 


The  completed  blade  can  be  subjected  to  a  variety  of 
inspections  too  numerous  to  discuss  here,  but  most 
certainly  ultrasonic,  penetrating  radiation,  and  di¬ 
mensional  inspections  will  be  performed.  The  inspec¬ 
tion  equipment  to  be  utilized  should  be  automated  in 
order  to  provide  uniformity  of  inspection  and  to  sus¬ 
tain  production  schedules. 


Ultrasonic  Inspection 

Figure  32  shows  a  concept  of  an  automated  ultrasonic 
equipment  suitable  for  inspection  of  complex  controu 
surface  structures  such  as  rotor/propeller  blades. 

The  concept  provides  for  spanwise  scanning  with 
chordwise  indexing.  Transducer  attitude,  which 
must  be  nearly  normal  to  the  inspection  surface,  is 
provided  by  tape  control.  Recording  platens,  util¬ 
izing  dry  recording  paper,  are  mounted  on  each  side 
of  the  tank.  Provision  is  made  for  both  thru-trans¬ 
mission  and  pulse-echo  modes  of "Inspection.  The  in¬ 
spection  equipment,  suitable  for  both  immersion  or 
enclosed  water  column  inspection,  has  two  independent 
ultrasonic  systems  to  allow  for  pulse-echo  inspection 
on  each  side  of  the  blade  simultaneously. 


Equipment  utilizing  this  concept  is  in  use  at  our 
facility.  The  equipment,  designed  by  The  Budd 
Company,  Instruments  Division  to  Boeing  specifica¬ 
tions,  is  shown  as  Figures  33  and  34. 
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CONCEPTUAL  SKETCH  OP  THE  AUTOMATED 
ULTRASONIC  INSPECTION  AND  RECORDING 
SYSTEM 


Figure  35  shows  a  full  scale  CH47B  rotor  blade  ultra¬ 
sonic  recording.  The  equipment  Ccui  be  easily  switched 
back  and  forth  between  thru-transmission  and  pulse- 
echo  modes.  Indexing  (up  to  60  lines  per  inch)  and 
recording  ratio  (up  to  lil)  can  be  easily  selected 
to  suit  the  acceptance  criteria. 


FIGURE  35 

FULL  LENGTH  ULTRASONIC  RECORDING 
FOR  CH47B  ROTOR  BLADE 


Penetrating  Radiation  Inspection 


Figure  36  shows  a  concept  of  an  automated  penetrating 
radiation  inspection  equipment.  The  equipment  provides 
for  ein  x-ray  sensitive  vidicon  and  image  intensifier 
presentation.  The  system  is  basically  a  mobile  x-ray 
unit  in  which  the  blade  is  fixed  within  two  tracks  eind 
the  enclosed  generator -pickup  system  traverses  the 
length  of  the  rotor  blade. 
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FIGURE  36 

X-RAY  SENSITIVE  VIDICON 
AND  IMAGE  INTENSIFIER  SYSTEM 

CONCEPT 


The  x-ray  vidicon  image  is  presented  on  a  remote  17” 
video  screen  at  about  30X.  The  image  amplification 
system  also  presents  a  view  on  the  Scune  screen  at  1:1. 
The  viewing  area  using  the  vidicon  tube  is  about  1/2" 
X  1/2"  with  l%-2%  penetrcimeter  sensitivity,  while  the 
viewing  area  of  image  amplification  is  about  8"  X  8” 
with  3%-4%  penetrameter  sensitivity. 
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FIGURE  38 


CONTROL  CONSOLE  AND  VIDEO  MONITOR 
FOR  THE  X-RAY  SENSITIVE  VIDICON  SYSTEM 


Figure  39  shows  some  photographs  taken  of  the  video 
screen  showing  various  conditions  and  discontinuities 


HONEYCOMB  VTITH  BORON 
CROSSPLY  SKINS 


HONEYCOMB  CELL  WALL 
DAMAGE 


HONEYCOMB  CELL  HONEYCOMB  RIBBON 

DISTORTION  SEPARATION 


FIGURE  39 

TYPICAL  VIDICON  MONITOR  PRESENTATIONS 
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Diinensional  Inspection 


A  comparison  of  the  complex  geometry  of  the  advanced 
geometry  rotor  blade  (AGB)  and  the  V/STOL  propeller 
is  shovm  in  Figure  40.  The  geometry  of  these  struc¬ 
tures  should  indicate  the  magnitude  of  the  dinensional 
control  problem.  For  example «  our  advanced  geometry 
composite  rotor  blade  is  30'  long  with  the  chord 
being  36"  at  the  widest  point.  The  geometry  is  fur¬ 
ther  complicated  by  a  twist.  Obviously,  conventional 
dimensional  measurement  equipment  would  be  cumbersome 
and  extremely  expensive. 


Boeing  has  developed  a  new  concept  in  dimensional 
control,  called  Surface  Contour  Analysis,  for  com¬ 
plex  ctirvature  hardwcire,  that  is  relatively  inex¬ 
pensive  amd  very  versatile.  The  Surface  contour 
Analyzer,  shown  in  concept  as  Figure  41,  utilizes 
a  null  detector  system  which  senses  the  vertical 
movement  or  relative  position  of  a  projected  spot 
of  light  as  it  is  scainned  about  a  test  surface. 

The  position  cf  the  pinpoint  of  light  is  defined 
relative  to  a  given  horizontal  reference  plane, 
by  a  position  transducer  and  introduced  into  a 
special  recorder.  The  accumulated  data,  represent¬ 
ing  the  surface  contour  is  then  processed  by  a  com¬ 
puter  to  provide  the  desired  illustrated  results — 
drawings,  mathematical  equations,  and/or  comparison 
data. 

Figure  42  shows  a  1/5  scale  blade  mounted  in  the 
laboratory  Surface  Contotir  Analyzer,  computer 
drawings  of  chordwise  sections  are  shown  as  com¬ 
pared  to  what  the  blade  should  be  in  Figure  43. 

Figure  44  shows  a  grid  of  the  inboard  section  of 
rotor  blade.  The  approach  will  be  to  measure  each 
line  intersection  and  integrate.  It  is  estimated 
that  30,000  measurement  points  can  be  processed  in 
15  minutes. 


-  49 


COMPARISON  OF  AGB  BLADEATOL  PROPELLER  GEOMETRY 


Yl 

ZIP 

O 

O 

o 

o 

o 

Y2 

Z2  0 

O 

O 

o 

o 

o 

Y3 

Z30 

O 

O 

o 

o 

o 

Y4 

Z4  0 

O 

O 

o 

o 

o 

Y5 

Z50 

O 

O 

o 

o 

o 

Y6 

Z6  0 

O 

O 

o 

o 

o 

Y7 

Z70 

O 

O 

o 

o 

o 

Y8 

Z8  0 

O 

O 

o 

o 

o 

Y9 

Z9  0 

O 

o 

0 

o 

o 

1 

ACQUiSmON 

COORDINATE 

COMMAND 

SYSTEM 

XCQORDINATc 
jyk  CONSTANT) 

1 

MDI 

- 1 - 

COMPUTER 


-VARIABLE  X 
-  CONSTANT  Y‘» 


BCD  y» 


Z,.io  (MOD 


-VARIABLE  Z's 
(ANALOG) 


DIGITAL  TO 
ANALOG 
CONVERTER 


Zi-io  (MEaS) 


PRINT  OUT 

PRINT  OUT 

DRAWINGS 

MATHEMATICAL 

ACTUAL  ERROR 
PER  POINT 

ON 

GO- NO-GO 
BASIS 

-ERROR  GRAPHS 
-  SUPERIMPOSED 
CROSS  SECTIONS 

-SURFACE  EQUATIONJ 
-TWO  DIMENSIONAL 
EQUATIONS 

FIGURE  41 

ROTOR  BLADE  CONTOUR  INSPECTION  SYSTEM 
MANUAL  AND/OR  AUTOMATED  SYSTEM 


-  51  - 


FIGURE  42 

DIMENSIONAL  CONTROL  LABORATORY  TEST  SET-UP 


SEPARATED  Y-Z  PLANE  VIEWS  OF  COMPARED 
POINT-TO-POINT  DATA  -  STA.  86  THRU  92 


DESIGN/ACCEPTANCE  CRITERIA  DEVEL0PI»1ENT 


Both  of  our  Advanced  Geometry  Rotor  Blade  efforts  (glass 
fiber  and  boron  fiber)  have  extensive  material  test  pro¬ 
grams.  There  is  no  question  that  one  big  problem  that  has 
to  be  overcome  on  any  composite  structure  program  is  the 
determination  of  allowables,  both  from  the  design  stand¬ 
point  and  from  the  discontinuity  acceptance  standpoint. 
Obviously,  there  is  a  threshold,  but  the  threshold  changes 
depending  on  materials,  processes,  part  usage,  and  the 
methods  used  to  detect  defective  areas. 


Based  on  the  premise  that  test  data  is  only  as  good  as 
the  specimen  being  tested,  we  perform  a  Quality  Control 
Capability  Study  on  all  complex  structural  test  articles 
and  subject  the  materials,  processes  and  end  item  test 
article  to  the  highest  level  of  inspection  that  we  can. 
Figure  45  shows  the  Quality  Control  capability  Study  that 
was  generated  for  the  advanced  composite  root  end  test 
article. 


In  addition  to  the  structural  articles  built  and  tested 
to  verify  design,  we  are  continuing  the  fabrication  of  a 
vciriety  of  test  specimens  under  very  carefully  controlled 
conditions . 


These  specimens,  some  with  "built-in"  defects,  are  then 
subjected  to  a  variety  of  nondestructive  tests  utilizing 
pulsed  cmd  resonant  ultrasound,  x-ray,  eind  infrared  tech¬ 
niques.  After  very  carefully  recording  all  defects  or 
abnormalities,  the  specimens  are  subjected  to  static  and 
fatigue  tests  run  to  ultimate  failure.  Failure  nxjdes  and 
characteristics  during  static  and  dynamic  testing  are  ob¬ 
served  for  correlation  with  material,  processing,  and  non¬ 
destructive  test  results.  Figure  46  is  a  typical  ultrasonic 
recording  showing  discontinuities  in  test  specimens. 
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FIGURE  46 


ULTRASONIC  C-SCAN  RECORDING 
OF  A  DEFECTIVE  BONDED  JOINT 
IN  A  FATIGUE  SPECIMEN 


ULTRASONIC  C-SCAN  RECORDING 
OF  BROKEN  CORE  MATERIAL  IN 
A  FATIGUE  SPECIMEN 
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Additional  work  is  being  done  in  trying  to  correlate  total 
material  sound  attenuation  with  fatigue  test  data.  Typi¬ 
cal  ultrasonic  recordings  showing  75%  attenuation  and  50% 
attenuation  levels  in  a  boron  laminate  are  shown  as  Figure 
47.  In  this  manner,  we  are  increasing  design,  materials, 
and  f^rication  confidence  in  composite  applications,  as 
well  as  confidence  in  our  nondestructive  testing.  Only 
flight  test  and  service  performance  can  determine  the 
validity  of  our  acceptance  criteria. 


In  addition  to  the  materials  testing  progreims,  we  have 
a  very  interesting  progreua  to  nondestructively  monitor 
full  scale  article  testing.  In  the  case  of  the  Advanced 
Geometry  Composite  Rotor  Blades,  a  complete  nondestruc¬ 
tive  inspection  was  performed  after  fatigue  and  structural 
testing  and  after  whirl  tower  testing.  This  gave  us  an 
opportunity  to  monitor  and  note  the  progression  of  defects 
in  the  blade.  The  locations  of  voids  and  other  areas  of 
interest,  such  as,  areas  of  high  ultrasonic  attenuation, 
were  marked  directly  on  the  blades  after  initial  inspec¬ 
tion  and  determination  of  growth  or  progression  was  re¬ 
latively  easy.  Figure  48  shows  an  advanced  geometry 
composite  rotor  Blade  nondestructive  inspection  “road 
map".  This  investigative  nondestructive  inspection  mon¬ 
itoring  will  continue  through  the  flight  test  program. 


CONCLUSION 


I  would  like  to  point  out  again  that  quality  assurance  of 
composite  structures  is  a  result  of  design  quality,  eind 
the  attendeuit  inspec tability r  proper  process  control;  emd 
the  in-sequence  nondestructive  evaluation  of  the  hardware. 
None  of  the  above  elements  Ccin  be  neglected  if  we  are  to 
take  maximum  advcintage  of  the  several  benefits  offered  by 
con5>osite  stinictures. 
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FIGURE  48 

ULTRASONIC  RECORDS  FOR  MONITORING  OF 
QUESTIONABLE  AREAS  DURING  TEST 


Nondestructive  inspection  technology  development  must 
continue,  and  must  surpass  the  capaibility  that  we  have 
for  homogeneous  materials.  If  we  can  master  this  goal, 
the  design  freedom  and  strength  offered  by  composite 
structures  can  lead  to  a  whole  new  realm  of  hardware 
fabrication  concepts. 


To  optimize  existing  physical  principle  applications  may 
not  be  enough.  Certainly  we  can  take  advantage  of  cer¬ 
tain  benefits  offered  by  composite  structures  with  exist¬ 
ing  technology  but  consider  what  a  very,  very  small  por¬ 
tion  of  the  total  physical  principle  spectrum  we  utilize 
today  for  nondestructive  inspection — we  have  hardly  dented 
it. 


The  Boeing  Company /Vertol  Division  intends  to  take  full 
advantage  of  existing  nondestructi  3  inspection  technol- 
ogy,  as  well  as  new  technology,  to  assure  product  quality. 


There  are  several  new  inspection  concepts  under  study  at 
The  Boeing  Company /Vertol  Division,  at  the  present  time. 
It  is  expected  that  these  systems  will  become  a  part  of 
our  total  quality  measvirement  capability  just  as  the  sys¬ 
tems  described  in  the  preceding  discussion. 
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ABSTRACT 


New  and  more  rigid  methods  of  quality  control  have  been  used 
in  the  manufacture  of  boron  composite  structures.  More  exacting 
methods  for  inspecting  raw  materials  and  performing  in-process  inspec¬ 
tion  ore  being  utilized.  Conventional  and  new  techniques  are  being 
investigated.  Nondestructive  test  methods  such  as  infrared,  ultra¬ 
sonics,  Porta-Shear  and  x-rays  are  being  used  to  inspect  details 
prior  to  assembly,  and  to  Inspect  the  final  bonded  assembly. 


1  INTRODUCTION 


Since  che  boron  horizontal  scabilizer  program  at  Gansral  Dynauics/ 
Fort  Worth  was  one  of  a  research  nature,  any  quality  system  useu  had  to 
be  congruent  with  that  type  program.  Drawings,  specifications,  pro¬ 
cesses,  etc.  were  constantly  being  changed  for  the  salce  of  producibility. 
For  this  reason  the  quality  control  team  had  to  ingest  these  changes 
while  maintaining  control  of  the  quality  in  parts  being  manufactured. 

Most  of  the  actual  labor  involved  was  provided  by  factory  personnel 
under  the  guidance  of  research  and  design  engineers  in  facilities  made 
available  for  the  life  of  the  program.  Fcr  the  most  part,  these  people 
were  not  cognizant  of  factory  quality  control  procedures  or  capabilities. 

The  first  problem  to  be  resolved  by  the  quality  control  organiza¬ 
tion  was  to  establish  a  quality  system  rigid  enough  to  assure  a  quality 
part,  yet  flexible  enough  to  be  compatible  with  a  research  type  program. 

In  this  paper,  systems  and  methods  of  control,  from  material 
acceptance  to  final  "buy-off**  of  the  completed  assembly,  are  discussed. 


II  DESCRIPTION 

To  understand  the  processes  and  quality  control  of  the  assembly, 
a  brief  description  of  the  stabiliser  design  is  in  order. 

The  boron  stabiliser  is  composed  of  four  **sandwich-cype'Cotistsuc- 
tioo"  panels}  (1)  the  main  box  section  (2)  the  leading  edge  (3)  the 
trailing  edge  and  (4)  the  tip 

The  leading  edge,  trailing  edge  and  tip  sections  are  similar  in 
construction,  These  are  panels  of  simple  design  fabricsted  with  boron, 
fiberglass  and  aluminum  honeycomb  core  materials. 

The  box  section  is  a  mere  complex  structure  in  that  there  is  steel, 
titanium,  boron,  fiberglass  and  aluminum  honeycomb  core  contained  iu  the 
understructure. 

All  of  the  ribs,  spars  and  closures  are  mechanically  fastened  to 
compose  the  framework  of  che  bex  section.  All  other  joints  and  ties 
are  bonded. 

The  air  flow  skins  of  all  four  sections  are  entirely  boron. 

These  skins  are  bonded  to  alumininn  honeycomb  core  and  the  structural 
members  to  complete  the  sandwich  structure. 


Ill  QUALITY  ASSURANCE  OF  RAW  MATERIALS 

To  assure  the  highest  composite  structure  quality,  controls  must  start 
with  the  raw  materials.  For  this  purpose  General  Dynamics  issued  pro- 


curement  specifications  for  boron  filaments,  boron  filament  rein¬ 
forced  resins,  and  boron  filament  rel-forced  resins  for  machine  lay¬ 
up.  These  specifications  cover  the  physical  and  mechanical  requirements 
for  the  boron  raw  materials.  Additional  specifications  are  used  to 
cover  standard  materials,  such  as,  fiberglass  and  metals  used  in  boron 
assemblies. 

Control  of  boron  filament  by  the  filament  manufacturer  included 
mechanical  and  physical  tests  such  ac  tensile,  modulus  of  elasticity, 
filament  diemecer  and  density. 

Manufacture  of  the  boron  filament  reinforced  epoxy  tape  falls  into 
categories  of  material  control  of  resin  and  filaments,  control  of  fila¬ 
ment  collimation,  resin  impregnation  of  the  filaments,  and  finally  the 
placement  of  the  tape  on  the  paper  carrier.  Resin  impregnators  run  accep¬ 
tance  controls  on  the  filaments  to  determine  their  conformance  to  the  filament 
specification.  Tests  on  the  epoxy  resin  system  are  run  by  the  impreg- 
nator  only.  Each  resin  batch  is  tested  for  physical  and  mechanical  pro¬ 
perties  such  as  gel  time  and  flexural  modulus. 

Specification  requirements  on  the  three-inch  wide  tape  are  most 
extensive  since  this  is  the  final  form  used  to  manufacture  parts. 

Mechanical  and  physical  tests  are  performed  on  each  batch  of  resin 
impregnated  boron  tape  by  both  the  manufacturer  and  General  Dynamics  as 
acceptance  requirements. 

Physical  measurements,  such  as,  resin  solids  end  flow  are  impor¬ 
tant  controls  since  our  part  fabrication  process  is  based  on  a  closely 
controlled  resin  content.  Volltile  content  is  another  physical  test  used 
by  General  Dynamics  for  acceptance  purposes. 

Some  very  important  inspection  steps  that  can  only  be  performed 
during  tape  manufacture  are  filament  alignment  and  spacing  and  the 
precision  placement  of  the  tape  on  the  perforated  paper  carrier.  The 
boron  tape  location  on  the  paper  carrier  is  most  important  v:hen  using 
machine  lay-up. 

When  General  Dynamics  receives  boron  tape  a  sample  is  removed 
from  a  randomly  selected  roll  in  each  batch.  Roth  physical  and  mechanical 
values  are  obtained  from  this  sample.  In  addition  to  physical  tests 
previously  discussed,  a  test  panel  is  fabricated  with  filaments  lu  a  zero 
degree  orientation.  From  this  panel,  room  temperature  and  350°  F. 
flexural  tests  are  run  at  0  and  90  degrees,  as  well,  as  interlaminar 
shear.  A  specimen  from  the  laminate  is  polished  et  90  degrees  to  fila¬ 
ment  orientation  and  photographed  under  magnification  to  check  filament 
spacing. 

A  major  problem  in  our  present  acceptance  test  procedure  is  that 
only  the  beginning  of  a  roll  can  be  tested  since  rolls  of  boron  tape 
cannot  be  unrolled  and  rerolled  without  damage.  Therefore,  this  makes 
it  mandatory  that  each  tape  ply  be  inspected  as  it  is  laid  to  assure  that 
filament  alignment  and  spacing  are  correct.  Continuing  problems  with  tape 
quality  are  incompatible  with  a  production  operation. 

IV  IN-PROCESS  INSPECTION 


For  adequate  quality  control  of  processes  dealing  with  the  many  cure. 


cleaning  and  secondary  bond  operations  found  in  the  stabilizer  fabrica¬ 
tion,  in- process  inspection  is  essential.  For  fabrication  purposes,  we 
utilized  a  planning  sheet  which  becomes  the  historical  quality  record. 
This  paperwork  listed  the  fabricating  operations  sequentially.  The 
fabrication  operations  were  taken  from  detailed  "Process  Instructiors" 
written  by  Advance  Design,  Manufacturing  Research,  and  Processing  Con¬ 
trol  personnel.  Necessary  inspectiob  steps  were  inserted  into  the 
manufacturing  sequence  to  insure  thorough  inspection  at  a1 1  stages  of 
manufacture.  During  fabrication,  completed  operations  and  procedures 
had  to  be  approved  and  recorded  by  inspection  on  the  planning  sheet 
before  the  next  operation  could  begin. 

The  fabrication  area  was  under  surveillance  of  an  inspector.  It 
was  his  responsibility  to  see  that  the  planning  paper,  process  standards, 
engineering  drawings  and  specifications  were  adhered  to. 

A.  Boron  Detail  Fabrication 


Fabrication  of  boron  details  required  tedious  visual  inspection 
methods  to  Insure  quality.  During  individual  ply  lay-up,  the  fabricating 
personnel  rework  or  remove  all  obvious  defects  in  the  material.  One  of 
the  best  quality  control  measures  we  had  in  the  fabricating  area  is 
"defect  awareness"  on  the  part  of  the  worker.  Tape  defects  that  are 
found  during  fabrication  are  (1)  overlaps  (2)  gaps  (3)  eyebrows 
(4)  waviness  and  (5)  foreign  objects.  Four  of  thelarge,  box  section 
skins  were  partially  laid  by  machine  while  the  other  boron  details  were 
hand  laid.  i  shall  discuss  problems  encountered  with  tape  machine  lay¬ 
up  first. 

The  skins  were  fabricated  by  laying  boron  tape  on  individual  ply 
mylar  films  which  was  then  transferred  to  the  curing  tool  one  ply  at  a 
time.  Individual  ply  inspection  can  be  more  readily  performed  when  using 
this  method  of  fabrication.  By  placing  a  light  source  behind  the  mylar 
film,  defects  are  easily  noticeable.  Fabrication  using  mylar  films 
allows  thorough  visual  inspection. 

Complete  fabrication  by  machine  has  resulted  in  ply  by  ply  inspec¬ 
tion  problems.  When  the  plies  are  layed  one  on  top  of  the  other,  there 
is  less  opportunity  for  thorough  ply  inspection.  Gross  defects  can  be 
detected  but  those  of  small  dimension  such  as  overlaps  and  foreign  ob¬ 
jects  are  almost  impossible  to  detect.  Laminate  quality  for  this  type  of 
fabrication  depends  upon  the  tape  quality  which  in  turn  relies  on  (1)  tack 
(2)  tape  placement  on  the  backing  material,  (3)  filament  collimation  (4) 
individual  filament  tension  and  (5)  absence  of  eyebrows,  waviness,  gaps 
and  overlaps  within  the  tape.  For  automated  tape  laying,  laminate  qua¬ 
lity  is  no  better  than  the  material  quality. 

Since  tape  quality  at  the  present  time  is  inconsistant,  a  method 
for  tape  inspection  before  it  is  laid  is  needed.  Since  the  boron  cannot 
be  unrolled  before  use,  the  only  opportunity  for  thorough  examination 
of  an  entire  roll  of  material  is  during  laying  operation.  Monitoring 
the  tape  as  it  comes  off  the  reel  enables  the  flagging  of  discrepancies 
contained  in  the  tape  prior  to  lay-up.  Gross  defects  have  to  be  repaired 


before  Che  next  ply  is  begun.  This  results  in  machine  downtime  and  in¬ 
creased  cost.  This  emphasizes  the  need  for  improved  and  reliable  cape 
quality.  Investigation  of  inspection  methods  for  machine  laid  tape  has 
been  initiated  by  our  Research  &  Development  Department. 

B.  Other  Detail  Fabrication 


Detail  fabrication  of  material  other  chan  boron  presented  few  new 
quality  problems.  Normal  production  inspection  and  quality  procedures 
were  utilized  for  these  detail  fabrication  controls. 

C.  Bonding  of  Major  Assemblies 

The  four  major  assemblies  discussed  earlier  had  similar  final 
bonds  so  I  shall  discuss  Che  large  "box"  section  oniy. 

At  this  point  Che  ribs,  spars,  closures  and  core  have  been  assembled 
and  are  then  numerically  machined  to  mate  with  Che  fabricated  boron  skin. 
The  core  is  inspected  for  crushed  areas,  contamination,  and  bond  separa¬ 
tions  and  is  repaired  as  necessary.  A  good  prefit  of  the  skins  to  Che 
understructure  is  essential  for  a  void  free  bond.  1  might  add  that  all 
tooling  and  parts  dimension  to  the  skin  bond  line  to  minimize  tolerance 
build-up. 

After  prefit  of  Che  skin  to  the  core  assembly,  an  encapsulated 
adhesive  check  is  made  to  confirm  the  profit.  This  consists  of  adhesive 
covered  on  both  surfaces  with  nylon  film  for  release  purposes.  This 
adhesive-nylon  sandwich  is  placed  between  Che  core  surface  and  the  boron 
skins.  The  assembly  is  Chen  placed  in  the  bonding  cool,  cured,  and 
dismantled.  The  impressed  adhesive  is  Chen  examined  for  possible  mis¬ 
matches  on  both  bonding  surfaces  of  the  box  section.  Rework  in  question¬ 
able  areas  is  then  accomplished  and  the  assembly  is  prepared  for  final 
bond. 

Prior  to  final  bond,  all  fiberglass  areas  of  the  *'box"  are  scuff 
sanded  and  blown  with  filtered  air  to  remove  surface  contamination. 

The  entire  "box"  section  is  then  vapor  degreased  with  stablized 
trichloroethylene  and  dryad  at  an  elevated  temperature  to  obtain  com¬ 
plete  removal  of  the  solvent.  The  boron  skins  require  only  removal  of 
Che  peel  ply  before  bond. 

When  Che  "box"  and  both  skins  are  ready  for  bond,  the  adhesive 
is  applied,  the  skins  installed  onto  the  "box"  section,  all  attachment 
bolts  are  inserted  and  torqued,  and  the  assembly  is  placed  into  the  bond- 
form.  Curing  of  the  large  assembly  required  close  tolerance  heat  and 
pressure  control. 

All  of  the  processes  used  in  fabricating  Che  tail  assembly  were 
monitored  for  conformance  to  process  standards  and  engineering  specifi¬ 
cations  by  Quality  Assurance  Organizations  Process  Control  personnel  and  by 
Inspection  personnel.  The  high  temperature  presses  were  checked  for  heat 
uniformity,  the  curing  and  bonding  presses  for  heat-up  rates  and  for  tem¬ 
perature  uniformity. 


V  DESTRUCTIVE  AND 

NONDESTRUCTIVE  TESTIMC 


A.  Details 


For  all  details  in  which  an  elevated  temperature  cure  cycle  is 
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necessary,  representative  test  tabs  accompany  the  details  through  all 
fabrication  operations.  For  example,  a  boron  skin  would  have  a  test 
tab  fabricated  from  the  same  material  and  cured  during  the  same  cure 
cycle.  Uhen  possible,  test  tabs  were  laid  up  and  cured  on  the  part  tool. 
This  practice  not  only  assures  material  quality  but  also  processing  qua¬ 
lity.  Test  Specimens  are  prepared  from  the  tab  and  tasted  by  process 
control  to  the  engineering  material  test  specification.  The  data  received 
must  satisfy  the  acceptance  values  set  forth  in  that  specification.  The 
specimen  types  are:  (1)  zero  degree  flexural  (2)  ninety  degree  flexural 
(3)  horizontal  or  interlaminar  shear.  The  specimens  are  tested  at  room 
temperature  and  at  350°  F. 

During  testing  of  the  tabs,  the  part  is  held  by  inspection  pending 
test  results,  if  the  results  are  acceptable,  inspection  accepts  the  part 
and  it  continues  to  the  next  operation.  When  unacceptable  test  results 
are  encountered,  the  specimens  and  test  equipment  are  thoroughly  evaluated 
to  assure  that  test  conditions  were  correct.  In  the  past,  when  a  test 
failure  arose,  the  cause  for  failure  was  often  found  to  be  poor  specimen 
preparation.  It  has  been  found  that  test  data  from  the  ninety  degree 
flexural  specimens  is  critical  when  the  resin  system  is  accepted  for  use 
at  minimum  test  values. 

For  general  purpose  void  or  debond  detection,  commercial  infrared 
systems  reveal  good  bonds,  partial  bonds  or  complete  debond  areas.  It 
is  utilized  to  inspect  the  Integrity  of  boron  laminates  less  than  .125 
inch  thick. 

Infrared  inspection  equipment  measures  the  heat  or  infrared  radia¬ 
tion  transfer  of  the  material.  The  heat  transfer  of  a  laminate  or 
bondline  with  voids  or  delaminations  will  not  be  uniform.  To  get  maxi¬ 
mum  sensitivity  on  the  test  equipment,  a  flat  black  color  is  desired  for 
maximum  heat  absorbtion  and  heat  retention.  The  black  color  of  the 
cured  boron  laminate  allows  it  to  be  inspected  by  infrared  methods  with¬ 
out  supplemental  treatment. 

At  the  present  time.  General  Dynamics/Fort  Worth  has  four  produc¬ 
tion  infrared  test  machines.  To  correlate  test  results,  some  experimental 
specimens  with  intentional  variability  have  been  used,  though  it  is  now 
apparent  that  carefully  constructed  reference  standards  are  essential  for 
the  maximum  utility  of  the  infrared  systems. 

In  some  areas,  ultrasonic  inspection  played  an  important  roll  in 
void  detection.  The  ultrasonic  -  inspection  used  to  the  greatest  advantage 
was  the  through  transmission  method.  This  technique  employs  sound  wave 
emission  from  a  power  transducer  on  the  surface  of  the  part.  The  sound 
waves  pass  through  the  part  and  are  picked  up  on  the  opposite  surface  with 
a  receiving  transducer.  Material  that  is  solid  will  have  little  effect 
on  the  energy  level,  but  a  void  or  delamination  will  sharply  reduce  the 
energy  level.  This  test  method  was  used  to  inspect  the  bond  between  boron 
skin  and  the  titanium  scarf  plate.  A  chart  was  made  of  recorded  readings, 
evaluated  and  attached  to  the  inspection  history.  All  of  the  boron- 
titanium  bonds  in  this  area  proved  to  be  good. 

X-ray  inspection  was  valuable  for  confirming  the  internal  geometry  of  the 
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structure,  but  did  not  prove  capable  of  resolving  boodline  deficiencies 
or  defects  in  laminates  more  Chan  8  plys  thick. 

The  Porta-Shear  is  a  General  Oynamics/port  Worth  developed  test 
equipment.  It  separates  a  precuC,  small  diameter  button  at  the  bondline 
by  applying  a  shear  force.  VRien  Che  bondline  fails,  the  load  is  recorded 
and  translated  into  equivalent  bondline  strength.  Porta-Shear  qualifica¬ 
tion  for  typical  boron  composite  joints  is  in  progress.  Selected  areas 
of  static  and  fatigue  test  horizontal  stabilizers  were  tested  with  Che 
Porta-Shear. 

S.  Assembly 

Infrared  inspection  of  Che  four  major  component  skin  bonds  was  run 
on  both  the  static  and  fatigue  test  articles.  Infrared  recordings  made 
after  final  assembly  were  correlated  with  photographs  taken  of  the  under¬ 
structures  before  final  skin  bond.  The  infrared  readings  revealed  ques¬ 
tionable  cold  and  hot  areas.  Upon  review  of  the  photographs,  these  areas 
were  found  to  be  core  repairs  or  areas  where  a  slightly  thick  glue  line 
had  developed.  For  thorough  and  complete  evaluation  of  infrared  recordings, 
the  inspector  must  have  a  working  knowledge  of  the  understructure  of  the 
part  being  inspected. 

The  static  tail  was  tested  to  failure  and  the  reomants  re-examined 
with  infrared.  This  re-examination  resulted  in  a  high  degree  of  con¬ 
fidence  in  the  infrared  inspection  technique. 

X-ray  examination  of  the  bonded  assemblies  was  used  when  questions 
arose  concerning  internal  geometry.  Core  splices,  core  node  bond  separa¬ 
tions,  and  step  mismatches  can  be  seen  with  x-ray. 

The  bonded  assemblies  were  checked  ultrasonically  to  verify  the 
infrared  findings.  The  production  ultrasonic  bond  tester  is  a  mechanical 
imMdance  system;  it  proved  useful  in  checking  skin  to  spar  and  closure 
bonds. 

Test  specimens  for  the  major  assembly  bonds  were  used  to  verify 
the  adhesion  and  the  process  quality  maintained  during  bonding. 

Test  specimens  ^r  the  bond  operations  took  two  forms;  one  to  test 
the  shear  strength  in  the  boron  to  glass  bond  and  the  other  to  test  the 
tensile  strength  in  the  boron  to  core  bond  areas.  The  specimens  were 
made  from  the  same  adhesive  batch  with  identical  component  materials.  All 
details  having  been  precured,  the  secondary  adhesive  joint  completes  the 
assembly  during  the  last  cure.  After  cure,  test  specimens  were  prepared. 
Because  nondestructive  test  methods  provide  such  limited  knowledge  of  glue 
line  strength,  final  assembly  control  specimens  were  cured  on  the  bonding 
tool  (or  a  secondary  tool  close  by).  These  specimens  provided  process 
control  with  the  data  required  for  final  acceptance  of  the  tail  assembly. 

VI  CONCLUSI(» 

The  quality  control  exercised  during  fabrication  of  the  F-111 
advanced  composite  horizontal  stabilizer  was  adequate  for  the  development 
nature  of  the  program.  The  experience  thus  gained  has  resulted  in  in¬ 
creased  awareness  by  management  of  quality  areas  that  must  be  improved 
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prior  to  a  production  effort.  Based  on  this  experience,  a  Quality 
Assurance  Plan  is  being  developed  for  total  control  of  quality  from 
design  review  thru  source  control,  material  handling,  fabrication, 
assembly,  and  test  of  the  emi  article.  Special  emphasis  is  being 
given  to  improving  inspection  and  test  methods  and  to  quality  docu¬ 
mentation  retrievability  and  traceability. 

In  closing,  I  don't  want  to  leave  the  impression  that  we  have  all  of 
our  quality  problems  resolved  because  we  still  have  areas  that  can  be  im¬ 
proved  on.  We  are  planning  ahead  and  attempting  to  benefit  from  our 
experience  gained  on  the  Research  &  Development  Programs  by  recognizing 
the  need  to  (1)  obtain  better  control  over  Initial  tape  quality  (2)  develop 
a  means  for  automatically  checking  the  lay-up  quality  of  the  tape  as  it 
is  being  laid,  ami  (3)  expand  and  refine  our  nondestructive  testing  tech¬ 
niques  in  addition  to  developing  meaningful  NDT  acceptance  criteria  and 
reference  standards. 


J.  A.  Rieger t 


STUDIES  OF  COMPOSITE  MATERIALS  AND  FAYING 
SURFACES  UTILIZING  THE  SCANNING  ELECTRON 
MICROSCOPE 

By 

Charles  V.  Cagle  and  Henry  Lee 
Research  &  Development  Center 
The  ^xylite  Corporation 
South  Ei  Monte/  Calif. 

A  paper  to  be  presented  at  the  University  of  Dayton  on  AAarch  20,  1969. 

The  strength  of  any  arfiiesive  borxl  depends  to  a  major  degree  upon  the  nature  of 
the  substrate  surface  being  joined,  upon  their  f^ysical  arxl  chemical  composition,  adherend 
cleanliness,  and  the  ability  of  the  resin  to  wet  the  surface  of  the  substrates.  This  same 
theory  can  be  applied  to  some  degree  to  composite  materiols,  i.e.,  lesin  wetting  as  applied 
to  fibers,  fillers  and  carriers  and  later  when  subjected  to  in~service  conditions;  the  compot- 
ibility  of  these  materials,  plus  the  influence  of  degrading  factors  by  environmental  condi~ 
tioning . 

The  Epoxy! ite  Corporation  has  successfully  applied  the  scanning  electron 
microscope  to  these  types  of  studies.  This  instrument  hos  proven  especially  helpful  in 
failure  analysis,  pertirwnt  to  studies  of  high  temperature  adhesives  and  reinforced  composites. 
The  ability  to  study  faying  surfaces  and  fillers  urxier  various  conditions  has  proven  invaluable 
in  adhesive  and  composite  testing,  especially  in  the  Epoxylite  research  programs  in  the  field 
of  dental  and  biomedical  materials.  For  exmnple,  it  is  apparent  that  similar  problems  are 
encountered  pertinent  to  adhesion  in  the  human  body  that  poses  a  constant  struggle  in  the 
aerospace  Irxlustry,  i.e.,  adhesion  and  moisture  or  simply,  interfacial  problerfis. 

The  scanning  electron  microscope  differs  from  the  ordinary  electron  microscope 
in  that  instead  of  an  electron  beam  being  passed  throu^  the  specimen,  the  electron  beam 
is,  in  effect,  bounced  off  the  surface  of  the  specimen  at  an  angle.  A  primary  beam  of 
electrons  from  a  heated  tungsten  filament  is  focused  into  a  fine  probe  on  the  specimen 
and  allowed  to  scan  the  surface  in  a  raster  pattern  as  in  a  TV  set.  Electrons  liberated 
horn  the  specimen  by  the  probe  are  detected  by  a  scintillator-photomultiplier  system.  The 
resulting  signals  are  used  to  modulate  the  brightness  of  a  cathode-ray  tube  screen  that  is 
scanned  in  synchronism  with  the  electron  probe  scanning  the  specimen .  The  fine  probe 
of  electrons  permits  the  instrument  to  exmnine  the  microtopography  of  the  solid  bulk 
specimens,  whose  surface  roughness  or  other  characteristics  make  it  extremely  difficult 
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or  impossibie  to  observe  by  conventional  transmission  electron  microscopy  (Fig.  1).  the 
o 

resolution  is  250  A  and  magnification  is  possible  up  to  100,000X  and  the  depth  of  focus 
is  300  to  500  times  greater  than  either  conventional  light  or  transmission  electron  micro" 
scopes.  Ihis  great  depth  of  field  makes  the  instrument  useful  for  close  examination  of 
surface  irregularities.  The  time  involved  in  sample  preparation  is  nomirKii  as  compared 
for  somple  preparation  pertinent  to  transmission  microscopy. 

In  summary,  this  device  offers  the  following  advantages: 

1 .  Direct  and  non"destructive  observation  of  bulky  specimens,  as  large 
os  a  1  in .  cube . 

2.  The  resolving  power  is  superior  to  that  of  an  optical  microscope. 

3.  The  image  mainly  represents  the  surface  topography  of  specimen  and 
appears  os  one  sees  the  specimen  by  the  ixiked  eye,  except  magnified; 
therefore  rfie  image  is  eosily  interpreted. 

4.  The  image  has  great  depth  of  focus,  which  mokes  it  possible  to  measure 
large  elevatitxis  of  features  on  the  specimen  surface.  One  can  obtain 
three  dimensional  dear  images  even  if  the  surface  of  the  sample  is 
rough. 

Fillers  ond  Carriers 

Figure  2  rfiows  an  aluminum  oxide  filler,  approximately  30*40  microns  in  diameter 
and  Fig.  3  is  a  microphoto  of  a  ^rsed  quartz  filler,  30-40  microns  in  size.  This  illustrates 
the  close  particle  size  examination  that  Is  possible  utilizing  this  technique.  Figure  4 
shows  sapphire  whiskers  approximately  1-3  microns  in  diameter.  The  study  of  the  resin- 
filler  composite  after  blending  and  curing  is  important  to  old  in  optimization  of  filler 
content.  Figure  5  is  a  miciophoto  of  glass  beads  approximately  25  microta  in  dkxneter . 
Figure  6  is  the  same  with  a  higher  magninoation .  Note  the  dust  and  foreign  matter  in  the 
beads  in  Fig.  6.  In  Fig.  7 a  hollow  gloss  sphere  is  shown  ord  the  extent  of  the  cavity  in 
the  bead  is  abundantly  clear.  Figure  8  is  growKl  Lucite  and  Fig.  9  is  Rigidex.  Figure  10 
is  a  single  strand  of  glass  in  resin.  Note  the  poor  wetting  arxl  air  gap  around  the  glass. 
Figwe  1 1  is  a  polyurerfiane  foam  arid  Rg.  12  shows  a  syntactic  foam .  Figure  13  shows 
the  surface  of  o  high  temperature  epoxy  resin  after  long  term  heat  aging  and  destructive 
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that  has  been  finely  machined.  Figure  16  is  the  same  after  annealing  and  Rg.  17  shows 
the  surface  after  a  sodium^TFiPmapthaierte  etch.  Figure  18  shows  the  some  material  after 
etching  and  then  annealing .  Rgure  19  shows  the  surface  after  annealing  only.  Figure  20 
is  an  etched  Teflon  surface  after  annealing.  Note  the  scales  and  cracks  which  are  due  to 
over-etching.  Figure  27.  is  an  unmodified  2024T3  aluminum  surface  and  Fig.  22  is  the 
same  surface  after  sanding  with  240  grit  sandpaper.  Figure  23  is  a  highly  me^nifi^  shot 
of  the  same  surface  (40/000X).  Note  the  oxides  and  foreign  matter  present  on  the  surface. 
Figure  24  diows  the  aluminum  surface  after  a  sodium  dichromate-sulfuric  acid  etch. 

Failure  Anglysis 

Figure  25  shows  a  high  temperature  epoxy  adhesive  on  steel  after  destructive 
testing  on  a  steel  odhererxi.  This  a;^>eared  to  be  a  clean  ocdiesive  failure/  but  the  micro¬ 
photo  shews  a  considerable  amount  of  adhesive  remaining  on  the  substrate,  and  evidence 
of  cohesive  degradation  within  die  adhesive  layer  as  well  as  the  interface.  However,  in 
all  probability  the  oxidation  problems  began  at  the  interface. 

Rgure  26  is  a  microphoto  of  a  poiyimide  system  on  120  gloss  in  laminate  form . 

The  gloss  strand  spacings  are  evident  through  the  outer  layer  of  resin .  Figure  27  a^d  28 
are  the  identical  panel  after  destructive  tests.  Note  that  the  glass  strands  are  not  wetted, 
and  adhesion  is  spotty.  It  is  Interesting  to  rwte  that  in  Fig.  27  the  resin  did  not  breok 
as  would  other  supposedly  rigid  systems,  which  irxJicates  more  flexibility  with  the  poly- 
aromatic  system  than  is  sometimes  assumed . 

Figure  29  is  a  honeycomb  prepreg  face  sheet  after  flatv/ise  tensile  tests  in 
which  the  tensile  strength  was  approximately  200  psi  as  compared  to  maximum  expectation 
of  800  psi  (controls).  This  appeared  to  be  an  adhesive  failure  for  the  aluminum  core, 
but  upon  examination  it  is  really  adhesive  from  the  glass.  The  real  conclusion  here  is  the 
effect  of  filletirrg.  One  would  thickly  note  that  the  resin  did  not  flow  properly  and  produce 
a  fillet  around  the  cell  wails  of  the  core.  Rgure  30  is  a  cioseup  shot  of  higher  magnifioa- 
tions  and  shows  better  the  poor  adhesion  to  the  gloss  strands.  Fic^e  31  is  an  epoxy  filled 
with  hollow  glass  spheres.  This  panel  had  gas  entrapments  as  shewn  in  Fig.  32,  whidt  is 
a  minute  section  where  the  spheres  are  missing  (10,000X).  Rgure  33  is  o  phenolic  coated 
sample  wood.  This  particular  sample  pideed  considerable  moisture  and  a  microphoto 
reveals  the  poor  coverage  of  the  wood . 

in  conclusion,  the  S£M  can  be  used  to  greot  advantage  in  adhesive  studies  pert¬ 
inent  to  NOT.  Surely  more  and  much  better  ways  will  be  found  in  the  future  to  utilize  this 
equipment . 
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ILLUSTRATIONS 

Simple  SchomaHc  of  the  Scanning  Eisctron Microscope. 

Fused  Aluminum  Used  as  a  Filler  for  Adhesives. 

Fused  Quartz  Filler. 

Sapphire  Whiskers,  1-3  Microns  in  Diameter. 

Glas:  Beads,  Approximately  25  Microns  In  Diameter. 

Glass  Beads,  25  Microns  in  Diameter  (3000X). 

Hollow  Glass  Spheres. 

R'gidex  at  lOOOOX. 

Ground  Lucite. 

A  Single  Glass  Strand  In  Cured  Resin. 

A  Polyurethane  Foam. 

A  Syntactic  Foam . 

A  High  Temperature  Epoxy  After  Long  Term  Heat  Aging. 

FEP  Teflon,  Unmodified  Surface  (lOOOX). 

Machined  FEP  Teflon. 

FEP  Teflon,  Annealed  Only. 

FEP  Teflon,  Sodium/Naphthalene/THF  Etched. 

FEP  Teflon,  Etched  and  Then  Annealed. 

FEP  Teflon,  Annealed. 

FEP  Teflon,  Etdied  and  Annealed. 

Unmodified  2024T3  Aluminum . 

2024  Aluminum  After  Sanding  with  240  Grit  Sandpaper. 

A  Close  Up,  Highly  Magnified  Shot  of  2024  Aluminum  After  Sanding. 

2024  Aluminum  After  Sodium  Dichromate/Sulfuric  Acid  Etch. 

Steel  Surface  After  Failure  at  Elevated  Temperatures,  Bonded  with  Epoxy. 

A  Polyimide/Glass  Laminate. 

A  Polyimide  Laminate  After  Fracture  (Mechanical  Test). 

A  Polyimide/Glass  Composite  After  Fracture. 

Failure  of  Honeycomb  Core  from  Racing. 

An  Epoxy  After  Fracture  (Poor  Adhesion) . 

A  Low  Density  Potting  Compound  (Epoxy  Fiiiiid  with  Hollow  Glass  Spheres). 
A  Close  of  Doubtful  Area  Shown  in  Fig.  31 . 

Wood  Coated  with  a  Phenolic  Resin. 


Incident  Electron  Probe 


Information  from  Specimen  by  Bombardment  of  Incident  Electron 
Probe 
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ABSTR^T 


This  paper  discusses  recently  developed  equipment  and  techni¬ 
ques  for  ultrasonically  inspecting  axihesive  bonded  structures  in 
the  Commercial  Airplane  Division  of  The  Boeing  ConpEmy.  A  \inique 
scanning  system  presently  being  fabricated  will  be  discussed  includ¬ 
ing  the  solution  to  liquid  coupling,  recording,  and  parts  handling 
problems.  In  addition,  a  new  instrument  will  be  described  tdiich 
performs  \iltrasonic  throu^-transmission  and  contact  inspection  with¬ 
out  liquid  coupling.  This  paper  will  also  briefly  describe  other 
research  activities  related  to  production  suihesive  bonded  structures. 
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IHTRODUCTION 


The  role  of  nondestructive  testing  in  the  Commercial  Airplane 
Division  of  The  Boeing  Company  for  the  inspection  of  adhesively  bond¬ 
ed  airplane  components  has  become  increasingly  important  in  the  past 
several  years.  There  has  been  an  enormous  increase  in  the  number 
and  complexity  of  parts  being  fabricated  as  well  as  an  increase  in 
the  reliability  demanded  of  bonded  structures.  The  growth  of  bonded 
structure  usage  on  Boeing  airplanes  is  shown  in  Table  1.  This  growth 
is  well  illustrated  by  comparing  the  30,000  square  feet  being  in¬ 
stalled  on  the  7^7  with  the  2,500  square  feet  used  on  the  B-52,  a 
120056  increase.  More  than  1,000  assemblies  are  produced  daily  for 
the  current  production  models,  7^7j  737,  727  and  707.  Not  only  is 
this  large  quantity  of  major  concern  in  the  development  of  nondes¬ 
tructive  testing  methods,  the  variety  of  configuration  poses  add¬ 
itional  problems.  Materials  Include  aluminum,  titanium,  fiberglas, 
and  phenolic,  both  honeycomb  emd  multiple  laminates.  Several  adhe¬ 
sive  systems  eire  used.  Sizes  range  frcmi  less  than  one  square  foot 
to  over  100  square  feet.  Tapered  trailing  edge  assemblies  for  con¬ 
trol  stirfaces  are  common.  The  question  then  is  how  does  one  inspect 
this  tremendous  variety  of  parts  and  accomplish  this  inspection 
rapidly  enough  to  ass\ire  an  adequate  sa]!q>llng  of  the  quantities  pro¬ 
duced?  But  even  more  basic  than  this,  why  consider  nondestmictive 
testing?  For  over  ten  years  Boeing  has  produced  bonded  structures 
for  their  aircraft  with  few  in-service  problems.  The  answer  to 
this  question  is  cost.  Present  Boeing  requirements  call  for  per¬ 
iodic  destructive  tear-up  of  production  assemblies  to  verify  tool¬ 
ing.  Replacing  this  practice  with  a  nondestructive  test  would 
save  thousands  of  dollars  daily.  An  added  advantage  always  assoc¬ 
iated  with  nondestructive  testing  is  improved  quality  assurance 
idiich  has  justified  a  "shotgun”  effort  in  idiich  the  most  promising 
existing  instruments  were  evaluated  and  new  instruments  and  methods 
were  developed.  Thermal  methods  included  infrared,  liquid  crystals, 
and  heat-sensitive  paper.  Sonic  instruments  evaluated  include* 

A  Boeing  developed  tap-tester,  Pokker  Bond  Tester,  Sonic  Resonator, 
Harmonic  Bond  Tester,  Sondicator,  and  ultrasonic  pulse-echo  and 
throu^-transmission  methods  and  equipment.  Other  Investigations 
included  evalviation  of  laser  holography  amd  the  Porta-shear/Porta- 
puU  devices.  Effort  is  continuing  in  many  of  these  areas  and  sev¬ 
eral  new  approaches  are  being  actively  researched. 

The  Intent  of  this  paper  is  to  suamarize  the  results  of  work  accaa- 
plished  to  date  and  relate  this  to  the  inspection  of  nonmetallic  fib¬ 
erglas  and  phenolic  adhesive  bonded  assemblies.  Only  those  instru¬ 
ments  and  methods  applicable  to  nonmetallic  parts  are  discussed;  to 
reiterate,  these  were  evaluated  as  to  their  ability  to: 

1.  Inspect  a  paurt  quickly  and  economically. 

2.  Detect  anall  defects  regardless  of  location. 

3.  Accomodate  many  varieties  and  sizes  of  parts. 
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A  brief  suaanary  of  the  applicable  instruments  and  methods  follows: 


I 


THEBKAL  METHODS 


A  Boeing  engineer  was  the  first  to  apply  liquid  crystals  and  heat 
sensitive  paper  for  defect  detection  in  certain  adhesive  bonded  ass- 
estblles.  These  methods  are  reasonably  sensitive  to  defects  in  cer¬ 
tain  structures,  are  highly  adaptable  to  cooplex  shapes,  and  provides 
rapid  inspection  capability  for  large  stnictures.  However,  they  are 
at  times  difficult  to  use  azid  Interpret  and  do  not  respond  adequately 
to  defects  below  the  outer  bondline.  Evaluation  of  Infrared  equip¬ 
ment  did  not  indicate  any  qualities  noticeably  better  than  these 
methods  except  for  the  elimination  of  part  contact  —  a  definite  ad¬ 
vantage.  However,  the  cost  of  equipment  for  hl£^  production  capab¬ 
ility  was  ;)udged  to  be  excessive  and  the  method  was  not  sufficiently 
adsqitable  to  a  variety  of  shapes  and  structures. 


ULTRASOmC  METHODS 


Of  the  ultrasonic  loethods  and  instruments  considered,  the  Sonic  Res¬ 
onator,  the  Sondlcator,  and  the  ultrasonic  pulse-echo  and  throuc^- 
transmission  methods  were  judged  worthy  of  further  evaluation  for 
nonnetallic  structtires.  The  following  discussions  summarize  the 
respective  evaluations. 


Sonic  Resonator 

The  Sonic  Resonator,  Figure  1,  is  a  low  frequency,  contin\>ous  wave 
ultrasonic  Instrument  develop^  by  Horth  American  Rockwell.  The 
piezoelectric  probe  is  placed  in  contact  with  the  part  surface  using 
a  liquid  couplant'  to  provide  adequate  souM  transmission.  In  most 
cases,  the  Instnanent  is  sensitive  to  defects  throu^^out  the  depth 
of  the  parts  by  testing  from  one  side.  However,  the  advantage  of 
one  side  inspection  becomes  a  limitation  when  structural  variations 
occur  in  the  part.  Tapered  core,  doublers  and  other  structural 
changes  cause  up-scale  readings  on  the  instrument  similar  to  void 
indications.  The  need  to  contact  the  part  and  use  a  coi^lant  makes 
this  method  too  slow  and  costly  for  production  inspection.  However, 
it  has  excellent  capability  for  spot  checking  areas  of  bonded  struc¬ 
ture  in  the  field. 


Pulse-echo  and  Throtudi-Tranenission  Ultrasonics 

Ultrasonic  pulse-echo  is  well  known  and  has  been  used  extensively 
for  material  inspection.  Its  advantages  in  adhesive  bond  inspect¬ 
ion  are  found  in  its  hi^  sensitivity  and  its  adaptability  to  rapid 
scanning  and  recording.  The  major  disadvantage  is  the  fact  that  its 
sensitivity  is  limited  to  defects  just  below  the  part  s\irface,  making 
it  impractical  for  multllamlnate  structures. 

Boeing  has  recognized  the  effectiveness  of  throu^-transmission  ul- 
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traso-’ics  for  adhesive  bond  inspection  for  several  years.  It  is  the 
best  method  available  for  void  detection  throu^  a  multi -laminate 
assembly;  it  provides  IOO56  automated  coverage,  *uid,  with  an  automated 
scanning  mechanism,  it  can  provide  a  permanent  recording.  However, 
ultrasonic  inspection  by  contact  methods  or  automated  scanning  by 
immersing  the  parts  or  using  wheel  seswch  xmits  is  not  practical  for 
production  testing  of  odd  shaped  parts  or  assemblies  too  large  or 
buoyant  to  submerge.  Boeing's  interest  in  through -transmission  in¬ 
spection  increased  vdien  North  American  Rockwell  successfully  devel¬ 
oped  and  applied  water  squirter  housings  and  nozzles  for  inspecting 
the  Apollo  space  capsule.  These  water  squirters  are  capable  of  water 
path  distances  of  10  inches  or  more  and  have  enough  sensitivity  to 
outline  honeycomb  cell  structure  on  a  C-scan  recording.  The  devel¬ 
opment  of  quality  water  squirters  has  opened  the  way  for  practical 
production  inspection  of  bonded  airplane  components.  Accordingly, 
Boeing  is  procx-ring  a  through-transmission  liLtrasonic  inspection 
system  for  research  and  production  testing.  This  system.  Figure  2, 
is  designed  for  optimum  versatility.  I^urts  wi.U  hang  from  the  cen¬ 
ter  of  the  gantry  or  from  an  overhead  rail  system.  The  bridge  can 
scan  or  index  either  horizontally  or  vertically  and  will  inspect 
parts  as  wide  as  l4  feet  with  no  limit  on  length.  The  system  is 
self-contained  and  will  travel  along  the  floor  using  a  guide  rail 
to  maintain  alignment  and  recorder  synchronization.  A  dry  paper, 
facsimile  recorder  is  used  to  provide  a  C-scan  recording  of  each 
part.  This  system  is  expected  to  be  in  operation  by  May  I969. 

Several  aspects  of  this  system  are  being  investigated  such  as  the 
effect  of  nozzle  diameter  and  frequency  on  the  tremsmitted  signal, 
sensors  to  maintain  a  constant  distance  between  the  nozzles  and 
test  surface,  multiple  squirters  to  provide  more  rapid  inspection 
capability  and  development  of  inproved  electronic  and  recording 
capability. 

The  most  critical  aspect  of  this  inspection  system  is  the  transducers 
and  water  squirters  used  for  sound  transmission  of  idiich  there  is 
very  little  literature  available  describing  their  construction  or 
performance.  Therefore,  an  effort  is  in  progress  to  optimize  the 
water  recirculation  system,  jet  assembly  configuration  and  the 
electronic  and  recording  systems.  Other  acccanplishments  to  date 
include; 

1.  The  use  of  low  frequency  transmission  (l00-200Khz  com¬ 
pared  with  the  more  conmonly  used  0.5  to  5  Mhz)  has  in¬ 
creased  our  ability  to  transmit  sound  throu^  multilamin- 
ate  and  acoustically  dampened  materials. 

2.  The  use  of  air  jets  above  each  water  squirter  to  eliminate 
the  momentary  loss  of  signal  caused  by  the  water  cascading 
onto  the  water  column  after  impacting  the  surface  of  the 
test  part. 

3.  Water  jets  have  been  designed  that  inject  water  into  the 
squirter  assembly  parallel  to  the  nozzle  axis.  This  is 
accomplished  by  using  an  annular  ring  within  the  squirter 
with  holes  in  the  front  and  back  to  direct  the  incoming 
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water  toward  the  nozzle  tip  and  the  transducer  face.  The 
water  stream  emerging  from  the  nozzle  appears  to  have  less 
tendency  to  spiral  over  long  paths  tdien  compared  to  the 
standard  method  of  injecting  the  water  normal  to  the  axis 
of  the  prohe  body. 

4.  Inspection  of  assemblies  with  porous  face  sheets  where 

water  would  normally  penetrate  into  the  cells  can  be  ultra- 
sonically  inspected  by  either  sealing  the  surface  with  a 
strlppable  coating  or  by  placing  the  part  in  a  vacuum  bag. 

!>.  Oil,  grease  and  other  contaminants  in  intimate  contact  with 
the  test  surface  do  not  adversely  affect  the  ultrasonic 
signal.  It  was  originally  thought  that  these  contaminwts 
would  cause  a  loss  of  signal  due  to  insuiequate  wetting  of 
the  surface  of  the  part. 

Upon  delivery  of  this  system,  attenpts  will  be  made  to  adapt  some  of 
the  other  nondestructive  testing  methods  such  as  the  Harmonic  Bond 
Tester,  Sondlcator  and  Sonic  Resonator  for  use  on  this  scanner.  The 
inplementatlon  of  automated  inspection  with  throu^-transmisslon 
ultrasonics  emd  other  nondestructive  teisting  methods  will  greatly 
enhance  the  quality  control  of  adhesive  bonded  assemblies  at  Boeing. 


Sondlcator 


The  Boeing  Company  participated  in  the  development  of  an  air-coupled 
ultrasonic  instrument  with  a  local  canpany  —  Zetec,  Inc.  Our  in¬ 
terest  in  this  approach  steomed  from  the  problems  encoimtered  in 
liquid  coupHng  idiich  would  be  eliminated  by  a  device  transmitting 
sound  through  the  air.  The  developer  was  successful  in  producing 
such  an  Instrument  called  the  Sondlcator,  which  has  proven  to  have 
wider  ax>pllcatlon  and  better  sensitivity  than  ms  first  anticipated. 
It  operates  in  the  low  ultrasonic  frequency  ranges  and  employs 
transducers  especially  designed  to  reduce  the  impedance  problems 
normally  encountered  ^en  transmitting  ultrasonic  frequencies  in  air. 
It  was  designed  for  throu^-transmission  inspection  with  the  trans¬ 
ducers  up  to  several  inches  from  the  part  s\irface.  However,  the 
developer  also  devised  a  contact  probe  for  inspection  from  one  side 
of  a  pwt.  This  probe  consisted  of  two  transducers,  one  transmitt¬ 
ing  and  the  other  receiving,  idiich  detects  unbonds  idien  placed  in 
contact  with  the  surface.  No  liquid  couplant  is  required. 

In  operation,  the  Sondlcator,  Figure  3,  provides  a  pulsed  sine  wave 
signal  to  the  piezoelectric  trananitter,  variable  from  20  Khz  to 
40  Khz.  Instrument  controls  allow  for  adjusting  the  repetition  rate, 
pulse  width,  receiver  aa5)lifier  gain  and  sample  point.  The  received 
signal  is  a]iq>lified  ana  displayed  as  a  single  dot  polar  display  on 
the  oscilloscope.  This  clLIows  for  simultaneous  monitoring  of  phase 
and  amplitude  variations  that  occur  at  the  sample  point.  Meters 
and  flaw  alarms  were  provided  for  monitoring  the  X  and  Y  deflect¬ 
ions  on  the  scope. 

The  unique  ability  of  this  instrument  to  transmit  ultrasotmd  into  a 
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part  and  detect  it  on  the  opposite  side  without  contact  or  liquid 
coupleint  offers  the  first  practical  means  for  ultrasonic  through- 
transmission  inspection  of  bonded  assemblies  using  an  array  of  trans¬ 
ducers  to  permit  one-pass  inspection.  To  demonstrate  the  feasibil¬ 
ity  of  a  monoscan  inspection  system,  a  prototype  scanning  bridge 
with  a  row  of  18  peiirs  of  transducers  was  successfully  fabricated 
and  tested.  This  apparatus  was  capable  of  detecting  l/2  inch  defects 
over  a  15  inch  width  in  a  single  pass.  A  system  capable  of  inspect¬ 
ing  a  4  foot  wide  area  of  an  assetnbly  in  one-pass  is  currently  under 
development.  This  concept  is  shown  in  Figure  4. 

Investigation  to  date  has  shown  the  Sondicator  to  be  an  extrenely 
versatile  instrument.  It  has  successfully  detected  voids  in  metal- 
to-metal,  metal- to-core ,  bonded  fiberglas  structures,  silicone  rubber 
bonded  to  aluminum,  and  other  bonded  materials. 

Most  often  no  instrument  readjustment  was  necessary  during  the  test¬ 
ing  of  these  various  structures. 

An  extensive  evaluation  of  the  Sondicator  is  continuing  on  bonded 
production  assemblies  fabricated  within  Boeing.  Work  is  also  con¬ 
tinuing  on  multiple  probe  arrangements,  improved  transducer  designs 
to  increase  the  capabilities  of  the  instrument,  and  practical  read¬ 
out  systems  such  as  defect  silarms,  recorder  adaptations,  etc. 

The  eventual  implementation  of  the  Sondicator  into  production  test¬ 
ing  as  a  monoscan  or  wide-area  sc6uuiing  system  potentially  csm  re¬ 
duce  inspection  time  to  the  extent  that  a  large  part  can  be  inspected 
in  a  matter  of  seconds.  It  has  been  shown  that  multiple  probe  scann¬ 
ing  is  feasible  for  many  production  parts. 


COHCmSIONS 

Based  on  the  Quality  Control  Research  and  Development  studies 
at  Boeing  for  nondestructive  testing  methods  for  adhesive  bond  in¬ 
spection,  it  is  felt  that  throu^-transmission  ultrasonics  using 
water  squirters  is  the  best  and  most  sensitive  inspection  system 
available.  Plans  call  for  replacing  much  of  the  current  destructive 
testing  of  production  assemblies  with  this  concept.  Since  scemning 
speeds  with  water  squirters  are  too  slow  for  routine  production  test¬ 
ing,  the  Sondicator  with  multiple  probes  for  single  pass  inspection 
will  be  utilized  for  gross  defect  detection.  Instruments  such  as 
the  Sonic  Resonator,  Harmonic  Bond  Tester  and  Fokker  Bond  Tester 
show  potential  for  in-service  defect  detection  on  the  aircraft. 
Research  is  continuing  toward  more  rapid  automated  inspection  sys¬ 
tems  to  support  the  increased  production  requirements  for  adhesive 
bond  inspection. 
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FIGURH  1.  SONIC  RESONATOR  AND  FIBERGLAS  TEST  PANELS 
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NONDESTRUCTIVE  EVALUATION  BY 
SCHLIEREN  METHOD  OF  ADHESIVELY  BONDED  STRUCTURES 


A  Schlieren  system  is  &  precision  optical  and  mechanical 
device  for  visually  studying  the  effects  of  an  acoustic  wave 
propagating  in  a  transparent  media. 

The  concepts  of  the  Schlieren  visualization  are  not  new, 
only  the  application  of  the  system  as  an  active  tool  in  the 
field  of  Nondestructive  Evaluation.  One  of  the  most  valuable 
and  irreplaceable  aids  to  engineering  is  a  visual  representa¬ 
tion  of  a  system  functioning  under  the  actual  conditions  of 
usage.  For  some  time  Schlieren  techniques  have  been  employed 
in  the  observation  of  air-flow  patterns  established  by  test 
objects  such  as  an  airfoil  section  placed  in  a  wind  tunnel. 

More  recently  Schlieren  techniques  have  proven  useful  in  the 
study  of  ultrasonic  wave  propagation  and  sound  beam  behavior 
patterns.  The  Schlieren  techniques  were  employed  by  Bell 
Helicopter  Company  to  explain  false  ultrasonic  indications  in 
the  inspection  of  main  rotor  blades.  These  indications  were 
not  found  when  the  blades  were  destructively  tested.  The 
Schlieren  system  aided  in  the  physical  understanding  of  the 
phenomena  which  caused  these  indications.  It  is  the  applica¬ 
tion  of  Schlieren  techniques  in  the  field  of  ultrasonic 
Nondestructive  Testing  (N.D.T.)  that  will  be  discussed  in  this 
paper . 

In  the  field  of  ultrasonic  N.D.T. ,  Schlieren  techniques 
have  proven  to  be  of  great  value  when  used  in  the  analytical 
study  of  acoustic  wave  behavior,  ultrasonic  inspection  tech¬ 
niques,  and  as  a  training  medixim.  The  most  obvious  contri¬ 
bution  of  Schlieren  techniques  to  each  of  these  applications 
is  the  capability  of  visually  observing  the  complete  wave 
behavior  pattern.  The  data  obtained  from  this  system  provides 
an  easier,  quicker,  and  more  accurate  analysis  of  the  problem 
as  a  whole.  Other  existing  techniques  require  a  series  of  data 
inputs  which  must  eventually  be  pieced  together  to  obtain  the 
complete  picture  of  the  problem. 

A  general  introduction  to  the  concepts  of  ultrasonic 
Schlieren  systems  and  its  operation  must  precede  the  discussion 
of  the  application  of  Schlieren  techiiiques. 

Acoust.ical  waves  are  stress  waves  and  thus  subject  to 
reflection,  refraction,  diffraction,  and  interference.  Although 
these  phenomena  are  invisible,  a  beam  of  light  passing  through 
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a  transparent  medium  will  be  influenced  by  the  presence  of 
an  acoustical  wave  within  the  medium,  which  makes  it  visible. 

It  is  the  influence  of  the  acoustical  wave  that  is  viewed  in 
a  Schlieren  image. 

When  free  from  external  disturbances,  water  is  a  trans¬ 
parent  medium  having  a  uniform  index  of  refraction.  An 
acoustical  wave  propagating  in  water  has  regions  of  compres¬ 
sion  and  rarefaction  distributed  along  the  axis  of  propagation. 
The  water  is  compressed  along  the  wave  front  such  that  the 
refractive  index  of  the  water  is  raised  in  the  disturbed  area. 
This  causes  regions  of  increased  and  decreased  indices  of 
refraction.  The  presence  of  an  acoustical  wave  results  in  the 
diffraction  of  a  collimated  light  beam  passing  through  the 
water  in  the  immediate  regions  of  the  differential  pressures. 
This  diffraction  is  called  the  Debye-Sears  ultrasonic  light 
diffraction  phenomenon.  A  collimated  light  beam  is  passed 
through  the  water  into  a  lens  which  focuses  the  light.  This 
lens  has  a  small  diameter  focal  zone.  A  small  opaque  dot  is 
placed  in  the  focal  zone  to  block  the  passage  of  the  colli¬ 
mated  light  beam.  This  diffracted  light  travels  in  directions 
which  are  not  parallel  to  the  collimated  light;  therefore, 
it  is  focused  at  some  point  outside  the  primary  focal  zone  on 
a  view  screen  or  photographic  plate. 

A  Schlieren  image  may  be  displayed  in  two  ways;  as  a  dark 
field  with  the  diffracted  light  visible  by  the  use  of  a 
blocking  dot,  or,  as  a  light  field  with  the  diffracted  light 
absent  by  using  an  aperture.  A  diagram  of  an  ultrasonic 
Schlieren  system  is  illustrated  in  Figure  I. 

ABC  DEF  GH  T 


A  -  View  Screen 
B  -  Imaging  Lens 
C  “  Blocking  Dot 


D  -  Focusing  Lens 
E  -  Water  Tank 
E  -  Collimating  Lens 


G  -  Aperture 
H  -  Condensing  Lens 
I  -  Light  Source 


FIGURE  I 

BLOCK  DIAGRAM  OF  SCHLIEREN  SYSTEM 
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It  should  be  noted  that  the  position  of  the  lames « 
aperttire,  and/or  opaque  blopking  dot  is  critical.  The 
relative  placement  of  each  ia  governed  by  the  basic  laws  of 
optics . 

The  equipment,  in  addition  to  that  shovm  in  Figure  I, 
required  to  produce  a  Schlieren  image  of  an  acoustical  wave 
is  a  search  unit,  a  pulse  generator,  which  can  adequatelv 
excite  the  search  unit,  and  a  suitable  camera  for  obtaining 
permanent  records.  If  the  pulse  mode  of  operation  is 
required,  a  strobe  light  must  be  used  as  the  light  source 
and  must  be  synchronized  with  the  variable  time  delay  circuit. 
The  pulsed  system  affords  the  operator  the  capability  of 
selecting  a  single  pulse  and  observing  this  energy  as  it  pro¬ 
gresses  with  time. 

Having  thus  discussed  the  general  concepts  of  the  opera¬ 
tion  of  a  Schlieren  system,  let  us  now  consider  some  of,  the 
applications  for  which  the  Schlieren  technique  can  be 
effectively  utilized.  We  shall  limit  our  discussion  to  the 
application  of  the  Schlieren  technique  as  (1)  an  educational 
tool,  (2)  an  analytical  tool,  and  (3)  a  tool  for  ultrasonic 
nondestructive  testing.  As  an  education  tool,  Schlieren 
techniques  are  used  to  demonstrate  the  basic  fundamentals  of 
wave  propagation.  This  system  provides  a  means  of  observing 
the  real  time  propagation  of  an  acoustical  wave  through  a 
medium  to  an  object,  and  the  influence  that  that  object  has 
on  the  wave.  The  most  interesting  and  far  reaching  applica¬ 
tion  of  the  Schlieren  system  is  its  use  as  an  analytical  and 
developmental  tool. 

Let  us  consider  the  phenomena  connected  with  the  propagation 
of  ultrasonic  waves  (reflection,  refraction,  diffraction,  and 
interference),  by  placing  in  a  transparent  meditun,  specimens 
which  are  to  be  observed  under  the  influence  of  ultrasonic 
energies.  Energy  absorption  and  velocity  measurements . can  be 
made  of  these  specimens.  If  opaque  objects  are  utilized,  the 
wave  behavior  pattern  within  the  object  cannot  be  observed, 
but  from  reflected  and  transmitted  energies  sufficient  infor¬ 
mation  can  be  obtained  to  determine  characteristics  of  the 
media,  i.e.,  the  velocities  of  the  different  modes  of  wave 
propagation  (longitudinal,  shear,  and  surface).  The  relation¬ 
ship  of  the  angle  of  Incidence  rf  a  wave  packet  to  the  angles 
of  reflection  and  refraction  of  the  wave  packet  when  incident 
on  a  media  having  different  internal  wave  velocities  is  a 
statement  of  Snell's  Law  which  we  shall  apply.  By  placing  a 
section  of  a  material  in  the  tank  of  a  Schlieren  system  and 
adjusting  the  ultrasonic  search  unit  to  the  correct  desired 
incident  angle,  the  geometry  of  the  entire  wave  pattern  can 
be  observed  and  measured.  The  angle  of  refraction  of  the  wave 
within  the  material  can  be  measured  by  noting  the  exit  point 
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of  the  wave  refracted  through  the  test  section.  By  Snell’s 
Law  and  knowing  the  angle  of  incidence  and  the  velocity  of 
sound  in  water,  one  can  easily  calculate  the  velocity  of  sound 
within  the  material.  With  this  information,  perhaps  even  the 
material  itself  can  be  identified. 

Physical  methods  of  measuring  absorption  have  not  been 
consistent,  and  for  this  reason  optical  methods  are  employed. 
Knowing  the  necessary  physical  characteristic  of  the  material 
(density,  modulus,  wave  velocity,  etc.),  the  energy  absorption 
of  the  media  can  be  determined.  The  amount  of  energy  absorbed 
by  the  liquid  must  be  known  before  another  material  can  be 
immersed  and  tested.  In  ultrasonic  inspection  the  complete 
absorption  of  energy  in  an  area  can  be  interpreted  as  a  void 
or  discrepant  area  in  a  bonded  assembly.  This  interpretation 
is  often  invalid  unless  a  complete  understanding  of  the  wave 
behavior  in  the  media  is  known  or  can  be  predicted.  In  solids 
which  are  not  transparent,  the  energy  cannot  be  seen  while 
in  the  part,  but  by  basic  mathematical  expressions  relating 
the  incident,  reflected,  refracted,  diffracted,  and  transmitted 
energies  the  necessary  information  is  obtained  to  predict  the 
behavior  of  the  energy  within  the  media.  There  are  limitations 
to  the  visual i2at ion  of  energy  in  the  Schlieren  system  with 
fluid  media.  There  is  an  intensity  at  which  the  ultrasonic 
energy  can  no  longer  be  seen  by  Schlieren  methods.  Thus,  all 
the  energy  of  a  wave  propagating  in  a  media  may  not  be 
observed.  In  changing  the  liquid  media,  the  minimum  intensity 
of  energy  in  the  media  will  change.  The  use  of  a  pressure 
chamber  and  a  gaseous  media  will  allow  the  visxialization  of 
lower  intensity  energies.  It  will  require  less  energy  from 
the  transducer  or  search  unit  to  influence  the  media  such  that 
it  can  be  observed. 

The  internal  physical  characteristics  of  materials  such  as 
steel  and  titanixun  may  be  observed  by  using  ultrasonic  Schlieren 
techniques.  One  of  these  characteristics  is  the  accumulation 
of  large,  well -precipata ted  grain  boundaries  that  are  oriented  in 
a  preferred  and  pronounced  direction.  The  boundary  precipatated 
will  appear  as  reflecting  interfaces  and,  as  such,  will  alter 
the  path  of  the  sound  waves  within  the  boundaries  of  the  object. 
By  impinging  the  sound  wave  on  the  object  at  a  given  incident 
angle  in  several  different  planes,  and  by  obtaining  a 
Schlieren  image  of  the  wave  patterns  resulting  in  each  case, 
the  angle  of  refraction  of  the  sound  wave  within  the  object 
can  be  measured  for  each  incident  plane.  Interpretation  of 
these  angles  will  indicate  the  presence  of  a  preferred  oriented 
grain  boundary  condition  and  simplify  the  approximation  of  the 
orientation  direction. 

Schlieren  ultrasonics  arc  presently  being  used  by  Bell 
Helicopter  Company  in  the  evaluation  of  bonded  assemblies  such 
as  honeycomb  panels  and  rotor  blades. 
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Schlleren  ultrasonics  have  been  used  to  determine  the 
paths  through  bonded  assemblies  to  assist  in  the  evaluation 
of  new  and  better  methods  of  ultrasonically  testing  the 
structures.  In  through  transmission  modes  of  ultrasonic 
testing  the  normality  of  the  beam  to  the  part  becomes  a  pro¬ 
blem  especially  when  inspecting  objects  with  complex 
configuration. 

As  previously  mentioned,  Schlieren  techniques  were  used  in 
the  evaltiation  of  false  ultrasonic  indications  in  rotor  blades. 
These  indications  occured  randomly  and  with  no  predictable 
sequence.  It  was  determined  this  problem  was  due  to  an 
ii^edance  resonance  condition  in  the  blade.  The  bondl^e 
thickness  variea  as  a  function  of  detail  tolerances  and  fit. 

This  changes  the  over -all  iaq)edance  of  the  blade,  thus,  creating 
a  one-fourth  or  one-half  way  phenomena  in  some  blades.  Although 
a  solution  for  the  problem  has  been  determined,  further 
evaluation  of  this  problem  is  being  continued  in  an  effort  to 
isolate  this  condition.  The  position  of  the  indication  with 
respect  to  the  transmitter  is  critical  for  some  indication. 

This  has  been  determined  a  number  of  times  in  rotor  blade  ultra¬ 
sonic  inspection.  It  may  be  represented  as  shown  by  the  work 
presently  being  conducted  at  Bell  Helicopter  Company  on 
adhesive  composites.  The  two  photographs.  Figure  Nos.  II-A 
and  II-B,  shows  the  incident  energy  on  discrepant  areas  in 
the  two  laminates.  The  reflected  and  transmitted  energies 
illustrates  the  discrepant  areas  of  each  laminate.  In  Figure 
No.  II-A  the  reflected  energy  is  interrupted  and  shows  the 
defect  more  pronounced  than  in  the  transmitted  energy.  Except 
for  different  physical  configurations,  the  indications  in  both 
photographs  were  of  the  same  approximate  size.  As  seen  by  the 
transmitter,  the  defect  in  Figure  No.  II-A  was  concave,  and 
the  defect  in  Figure  No.  II-B  was  convex. 


FIGURE  II-A 
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FIGURE  II-B 


This  information  supports  the  theory  that  in  through 
transmission,  specifically,  ultrasonic  inspection  of  bonded 
assemblies,  a  change  in  the  location  and  position  of  the 
defect  with  respect  to  the  transmitter  can  and  does  give 
different  information  to  the  receiver.  The  physical  size  of 
the  rotor  blade  prevents  the  actual  Schlieren  image  of  this 
phenomena  from  being  obtained  with  the  present  system.  It 
may  be  necessary  to  scale  down  the  object  to  obtain  the 
information,  or  to  section  the  part  and  observe  a  section  at 
a  time. 

There  are  other  fields  of  N.D.T.  in  which  Schlieren 
techniques  can  be  utilized.  A  sinq>le  example  of  this 
application  would  be  when  employed  in  the  inspection  of  tubes. 
This  is  accon^lished  by  observing  the  internal  wave  behavior 
patterns  of  a  sound  beam  incident  on  a  tube  free  of  defects. 

The  incident  angle  should  be  such  that  the  sound  energy  is 
propagated  along  the  periphery  and  internal  section.  This 
will  resiilt  in  e  Schlieren  image  of  the  reflected  and  refracted 
sound  energy  as  viewed  inside  the  tube.  The  Schlieren  image 
can  be  referenced  as  an  acoustical  signature  of  an  acceptable 
tube. 

When  an  unacceptable  tube  is  placed  within  the  Schlieren 
field,  the  internal  defects  of  the  tube  will  cause  a  behavior 
pattern  that  is  different  from  the  acoustical  signature  of 
the  acceptable  tube. 
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By  comparing  the  acoustical  signature  of  the  standard  with 
the  wave  behavior  pattern  observed  from  che  tube  being 
inspected,  a  decision  as  to  acceptability  of  the  tube  can  be 
madec 


SUMJ«^Y 


This  system  is  not  a  new  N.D.T.  system  for  production  use, 
but  the  Schlieren  system  presents  many  possibilities  to  be 
used  as  a  support  system  for  training,  for  research,  and  for 
development . 

One  of  the  most  valuable  contributions  of  the  Schlieren 
system,  as  previously  mentioned,  would  be  the  physical 
observation  of  acoustic  phenomena  and  wave  behavior  pattern. 
This  allows  the  proper  positioning  of  transmitter  and  receiver 
and  affords  the  inspector  a  better  means  of  understanding  the 
results  he  obtains  from  a  given  system. 

The  application  of  ultrasonic  Schlieren  systems  presents 
a  means  of  better  understanding  the  phenomena  connected  with 
the  propagation  of  acoustical  energy  through  a  media. 
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ABSTRACT 


This  pa^r  descrihes  a  program  to  develop  HDT  Instmaentatlon  for  the 
deteraination  of  bond  strength  of  adhesive  in  honeyccaib  aaterials  suitable 
for  large  tamkage  such  as  the  Saturn  S>4B  and  S?  vehicles  ty  Bksans  of  an 
analytiesl  and  es^riaental  progrsB  relating  the  variation  in  viscoelastic 
properties  of  an  adhesive  to  the  cohesive  bond  strength  of  the  adlMsive.  The 
adhesive  dating  data  predicted  that  the  coi^slte  vibrational  response  aag>li- 
tude  vould  decrease  vith  elevated  temperatures,  and  ti»  relaxation  character 
of  the  degraded  adhesive  vould  show  a  nailer  activation  energy.  Vibration 
analysts  aeasureasnts  verified  that  the  daaplng  of  the  adhesive  vas  irelated 
to  the  cohesive  bond  strength  by  detexslnations  of  tits  internal  friction  at 
the  fundaaental  axsd  haraonic  freqiiencies  of  'Bw  relative  vibration  response 
peak  aq)litude8.  The  development  of  a  nondestructive  test  sTstn  is  de> 
scribed  for  aeasuring  the  daaping  in  adlusive  bonded  bon^renb  cnposites. 
Keasuremsnts  on  composite  speciaens  at  various  teaperatxoes  shoved  a  frequency- 
internal  friction  relationship  vhich  clearly  distinguished  differences  in 
cohesive  bond  strength. 
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ABSTRACT 


This  paper  describes  a  program  to  develop  NDT  instrumentation  for  the 
datennination  of  bond  streng-'h  of  adhesive  in  honeycomb  materials  suitable 
for  large  taxikage  such  as  the  Saturn  SJfB  and  SV  vehicle  by  means  of  an 
einalytical  and  experimental  program  relating  -the  variation  in  viscoelastic 
properties  of  an  adhesive  to  the  cohesive  bond  strength  of  the  adhesive. 

The  adhesive  dan^jing  data  predicted  that  the  composite  vibrational  response 
amplitude  votild  decrease  with  elevated  temperatures,  and  the  relaxation 
character  of  the  degraded  adhesive  would  show  a  smaller  activation  energy. 
Vibration  analysis  mieasuromants  verified  that  the  damping  of  the  adhesive 
was  related  to  the  cohesive  bond  strength  determinations  of  the  internal 
friction  at  the  fundamental  and  harmonic  frequencies  of  the  relative  vibra¬ 
tion  response  peak  amplitudes  The  development  of  a  nondestractive  test 
syatem  is  described  for  measuring  the  damping  in  adhesive  bonded  honeycomb 
cospoaltes.  Measurements  on  composite  specimens  at  various  temperatures 
showed  a  frequency-internal  friction  relationship  which  clearly  distin¬ 
guished  differences  in  cohesive  bond  strength. 


imODPCTION 


Previous  deveopmeut  programs  have  resulted  in  the  development 
of  reliable  industrial  instrumentation  for  the  detection  of  bond/debond 
conditions  in  adhesive  bonded  honeycomb  materials.  These  investigations 
have  also  shown  the  need  for  a  method  suitable  for  determining  the  actual 
or  relative  bond  strength  of  such  structures  in  cases  where  a  bond  ex¬ 
ists.  The  primary  objectives  of  this  program  were  the  development  of  a 
systematic  approach  to  the  measurement  of  adhesive  bond  strength,  thor¬ 
ough  Investigation  of  a  generalized  conceptual  model  and  the  development 
of  an  industrial  applicable  NDT  system. 


TECHHICAL  APPROACH 


The  failure  of  an  adhesive  bond  generally  occurs  by  a  failure 
through  the  adhesive  rather  than  at  the  interface  between  the  adhesive 
and  facing  sheets  or  honeycomb  core  when  proper  manufacturing  processes 
are  eiqjloyed.  The  failure  through  the  adhesive  was  defined  as  cohesive 
failure,  to  distinguish  it  from  adhesive  failure,  which  is  failure  of 
the  interface.  The  development  problem  was  therefore  to  find  a  physical 
property  of  the  adhesive  related  to  cohesive  strength.  General  tests  on 
organic  adhesives  show  that  under  stress  they  act  as  viscoelastic  solids, 
and  their  response  to  an  applied  stress  is  time  dependent.  This  effect 
is  characterised  b7  frequency  (f)  dependent  peak  of  the  internal  friction 
tan  6  according  to  the  relation 


tan  <  =  K  f  t/(l  +  f®  t^) 


where  t  is  the  relaxation  time. 

The  internal  friction  is  proportional  to  the  energy  dissipated  per 
cycle  of  vibration}  the  maximum  occurs  when  ft  ==  1.  A  curve  plotting 
tan  4  sgalnst  ft  will  peak  at  this  point,  figure  lA.  From  the  shape  of 
this  curve  and  the  frequency  dependency,'  it  was  considered  that  the 
underlying  hypothesis  of  a  Zener  relaxation  process  was  evident  in  a 
scries  of  vibration  tests  on  lap  shear,  figure  IB.  With  a  greater  in¬ 
ternal  friotion,  the  adhesive  absorbs  more  energy  and  is,  therefore,  a 
measure  of  its  cohesive  strength.  It  was,  therefore,  considered  that 
honeyooab  composite  vibration  tests  should  also  show  nondestructively  a 
relationship  between  the  adhesive  boxui  strength  of  an  adhesive  and  its 
internal  friotion. 
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A  development  plan  was  established  for  the  following  related  and 
interdependent  tasks: 

a.  Determination  of  the  material  properties  of  the  honeycomb 
composite  constituents  and  in  particular  the  cohesive  strength  damping 
properties  of  the  adhesive. 

b.  Mathematical  analysis  to  define  the  interrelations  of  adhesive 
propertied  and  their  effect  on  the  resonant  frequency  and  damping  of  the 
composite  including  such  paramraters  as  the  bond's  viscoelastic  proper¬ 
ties,  core  stiffness,  flexural  stiffness  of  the  face  sheets,  and  thick¬ 
ness  of  the  bond  layer. 

c.  Preparation  of  representative  composite  specimiens  of  varying 
cohesive  strength  to  provide  a  test  criteria  for  lff>T  system  evaluation. 

d.  Vibration  spectrum  analysis  to  determine  the  elastic  properties 
of  the  compcsite  and  deviations  due  to  variations  in  cohesive  strength 
with  concurrent  test  method  development. 


MAgHEMATICAL  ANALYSIS 


A  comprehensive  mathematical  analysis  of  the  vibrational  response 
was  conducted  to:  a)  reliably  determine  the  interrelationships  of  the 
elastic  properties  of  the  honeycomb  composite,  b)  determine  the  visco¬ 
elastic  properties  of  the  adhesive,  considered  to  be  the  primary  damping 
contributor,  and  c)  determine  the  composite  vibrational  response  char¬ 
acteristics  i.e,  frequency,  amplitude,  etc.  Bbq?erim»nts  had  shown  that 
for  composites  having  small  hon^oaib  cells  as  compared  with  the  trans¬ 
ducer  size,  that  the  honeycomib  core  could  be  substituted  by  a  continuum 
representing  the  core  properties  and  the  adhesive  was  assumed  to  act 
evenly  over  its  sxirface.  A  mathematical  a»del  was  developed  and  analyzed 
in  terms  of  loading  and  effect.  The  adhesive  which  is  viscoelastic  in 
nature  was  e:q>ected  to  behave  as  a  standcurd  linear  solid  and  was  expressed 
as  frequency-time  dependent  parameter.  Belations  were  similarly  developed 
for  the  core  and  faceeheet  materiala  and  expressions  wei*e  formulated 
relating  applied  stress  to  deflection  and  in  turn  to  the  vibration  be¬ 
havior  of  the  honeycomib  composite  in  terms  of  resonant  frequencies,  the 
shipe  of  the  frequency  spectrum,  and  the  Maximum  displaceiment  of  specific 
vibration  nodes.  Briefly,  the  mathematical  analysis  showed  that  the 
resonant  frequency  was  dependent  on  the  geometrical  configuration  of  the 
compoaite  and  the  component  metallurgical  properties.  The  amplitude  of 
deflection  and  ha3.f-bAnd  width  was  dependant  on  the  damping  of  the  com- 
poBite  ooiq>onent8.  The  methematioal  analysis  was  aucceaaful  in  defixiing 
the  design  criteria  for  a  vibrational  KDT  method  in  terns  of  driving 
atreee  deflection  magnitudes,  and  the  resultant  response  frequency  range. 
Tbeea  paraasters  wnx-e  initially  verified  in  the  preliminary  development 
of  the  DOT  Vibration  Analyaie  Test  System. 
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ADHESIVE  PROPHtTY  MRASURBCENTS 


Adhesive  Rod  St^eclnwns  for  Damning  MeasureaBtit 

Adhesive  specimens  were  prepared  in  rod  form  for  damping  determina¬ 
tions  jith  an  internal  friction  spectrometer.  The  specimens  were  prepared 
in  block  form  by  laying  up  6-7OO  pieces  of  2  by  2  inch  HlJi2if  type  III 
adhesive  film  and  bonding  in  a  restraining  die,  figure  2.  The  specimen 
were  then  machined  to  1/4  inch  diameter  by  5  inch  lengths.  The  essential 
feature  of  the  spectrometer  is  the  fact  that  it  holds  the  specimen  in 
oscillation  at  its  resonant  frequency  and  at  a  preset  strain  aaplitiuie, 
regardless  of  the  energy  dissipated  in  the  specimen,  and  meeisures  the 
internal  friction  of  the  specimen  through  a  moasurfflnent  of  the  driving 
force  necessary  to  maintain  the  preset  asplittide.  Consequently,  the 
instrument  permits  continuous  measurements  of  the  specimen  resonant 
frequency  and  hence  Young ‘s  modultis. 

Dasping  measurements  on  three  adhesive  specimens  cured  at  a  differ¬ 
ent  tenparature  (200F,  25OF,  and  normal  bond  of  350^)  generally  confirmed 
that  the  adhesive  behaved  as  a  "standard  linear  solid"  for  which  the  fre¬ 
quency  resonance  and  elastic  modulus  vary  with  adhesive  strength, 
figure  3^  and  3B.  Further,  it  was  shown  that  the  adhesive  damping  was 
directly  related  to  test  tenperature,  figure  3C,  and  in  turn  to  bond 
strength. 

Honeycomb  Composite  Specimens 

An  eoplrical  approach  was  followed  for  deliberate  degradation  of 
honeycomb  conposites  of  the  type  used  in  the  Saturn  common  bulkhead. 
Various  degress  of  preaged  adhesive  film  were  used  to  simulate  bond 
strength  levels.  Figure  4  shows  that  the  bond  degradation  was  success¬ 
ful  and  that  a  desired  level  of  bond  strength  could  be  achieved  with 
reasonable  certainty.  The  fracture  stress-time  relationship  was  not 
linear  and  some  degree  of  deviation  was  expected  due  to  the  chemical 
nature  of  the  adhesive  ewe  ctoIs.  A  significant  variation  in  tensile 
strength  values  (from  i50  to  iLOO  psi)  was  noted  for  coupons  cut  from 
the  same  specimen.  This  variation  was  considered  high  but  ixi  accord 
with  the  manufactwer's  i^est  results. 

Based  on  this  degradation  data,  a  series  of  honeycomb  specimens 
were  fabricated  with  varying  bond  strength  values  at  either  one  or 
both  of  the  honeycomb  adhesive  layers.  To  ensure  reliable  correlation, 
all  specimens  were  prepared  at  one  time  using  Identical  procedures  and 
the  same  bulk  material  stock.  A  tabulation  of  the  specimens  fabricated 
to  date  is  shown  in  table  1.  The  bond  strength  data  are  nominal  design 
values  as  verified  by  destructive  test  data  obtained  fz'om  specimens  cut  x' 
from  the  sazae  panel;  however,  due  to  the  data  spread  in  these  types  of^ 
tests,  oxact  values  were  obtidned  for  specific  HDT  areas. 

/ 
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Table  1 


SPECIMEN 

DESIGNATION 

FACESHEET 

THICKNESS 

CORE 

THICKNESS 

CELL 

SIZE 

AVERAGE 
STRENGTH  (PSI) 

A 

0.063 

4.75 

3/16 

603 

B 

0.063 

4.75 

3/16 

540 

C 

0.063 

4.75 

3/16 

515 

D 

0.063 

4.75 

3/16 

401 

100 

0.02 

4.75 

3/16 

671 

50 

0.02 

4.75 

3/16 

555 

25 

0.02 

4.75 

3/16 

256 

HRP  CORE 


MPT  SrSTEM  DEVELOPMENT 


The  mathematical  analysis  shoved  that  a  method  of  measuring  the 
cohesive  bond  strength  of  an  adhesive  con$>osite  should  determine  either 
the  resonance  response  aiq>litude  or  halfband-vidth  and  that  measurement 
must  be  performed  under  controlled  structrure  geometry  conditions  in¬ 
cluding  boundaries,  supports,  transducer  contact,  etc.,  as  veil  as 
controlled  frequency,  ten^jerature  and  driving  force  parameters.  Using 
the  mathematical  model,  typical  driving  force  levels  vere  required  in 
the  order  of  0.1  to  1  psi  producing  deflections  of  the  order  of  one  to 
10  sdcroinches  for  the  Saturn  lype  honeycomb  composites.  The  frequency 
test  range  calculation  vas  based  on  the  boundary  conditions  established 
by  the  size  of  the  honeycomb  cells.  The  high  frequency  response  vas 
approximately  100  kHz  for  a  3/16  inch  cell  and  1  kHz  for  a  3A  inch 
cell.  The  number  of  cells  affected  the  degrading  adhesive  deter¬ 
mined  the  lov  frequency  response.  Therefore,  the  frequency  range  vas 
defined  for  this  investigation  from  several  cycles  to  above  100  kHz. 
Further,  since  resonance  and  vibration  analysis  methods  vere  used  to 
determine  the  elastic  properties,  absolute  measurements  vere  compli¬ 
cated  by  the  fact  that  contact  type  transducer  measuring  techniques 
could  cause  response  deviations  or  change  the  nodal  patterns  vithin 
the  structure  causing  the  actual  response  to  be  obscured.  Therefore, 
pseudo  boimdary  conditions  due  to  transducer  fixturing  and  structure 
support  required  exacting  analysis  and  control. 

The  DOT  system  employed  a  transducer  vith  coaxially  mounted  electro¬ 
magnetic  driver  and  displacement  sensor  capable  of  differentiating  be- 
tveen  the  vibrational  responses  of  videly  differing  bond  strength 
honeycomb  coa^sites.  In  general,  the  honeycomb  composite  frequency 
responses  occurring  belov  0.8  kHz  vere  affected  by  specimen  siq>ports. 
Response  peaks  at  approximately  I.3,  1*9  and  2.5  kHz  vere  character¬ 
istic  of  the  coB^slte  dancing  properties  exclusive  of  the  effects  from 
stqjport  geometxy  variations.  Hovever,  the  lover  frequency  peaks  vere 
considered  equally  representative  of  the  co£qx>site  danplng  properties 
as  long  as  the  geometxy  variables  vere  carefully  controlled. 

The  response  vibration  asplltude  vas  e3q>ressed  in  terms  of  daiqjing 

as 


A  =  KF/4 

vhere  K  is  a  proportionality  constant,  F  is  the  excitation  force  and  6 
is  the  das9>lng  factor.  For  the  electromagnetic  1ype  DOT  transducer, 

”  ^^o  /  i 
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Therefore,  the  dan^iag  factor  may  be  determined  from  vibration  resonance 
measurements  by  either  a  direct  measurement  of  the  peak  solitude  response 
by  plotting  A  va  i^S  yielding  the  slope  of  the  line  (S)  is  equal  to  K/ 
or  l/S,  Further,  it  was  shown  that 

^  ^  .  ^2  =  ^2 

since  the  drive  force  is  maintained  constant  for  couparative  measurements. 
Other  forms  of  excitation  were  considered  a  high  energy,  high  frequency 
air  pulse  generation  system  was  developed  and  evaluated.  The  air  pulser 
utilized  a  Laval  nozzle  to  produce  supersonic  airflow  which  was  chopped 
at  varying  rates  to  produce  a  0  to  20  kHz  excitation  source. 

Displacement  Orieqt«<^  T-pa«aducer  (DOT)  System 

The  Displacement  Oriented  Transducer  (DOT)  System,  figure  3  is 
basically  a  vibration  analysis  method  capable  of  producing  high  level, 
automatically  vairiable  frequency  excitation  forces  in  a  metallic  structure 
and  detecting  microinch  displacements  and  providing  vibration  response 
recordings.  The  slaplified  block  diagram  shown  in  figu]?e  6  illustrates 
the  major  coaponents  including  a  swept  frequency  source  and  power  anpli- 
fier  driving  an  electromagnetic  transducer.  Excitation  levels  are 
av.allable  up  to  I3  amperes  at  30  volts  over  the  10  Hz  to  20  kHz  frequency 
range.  An  operational  anplifier  is  used  to  conpare  the  iiput  sixie  wave 
signal  with  a  feedback  signal  proportional  to  -Uie  transducer  current  to 
correct  for  coil  impedance  changes  and  ensure  constant  current  drive  over 
operating  frequency  range.  The  driver  transducer  can  produce  force 
levels  of  approximately  8  psi  in  the  aluminum  facssheet  materials  at  the 
high  excitation  levels.  The  vibration  response  detection  system  uses  a 
oomnercial  fiber-optic  displacement  instrument  with  a  displacement  aspli- 
ttide  of  3  microInch/Btv’  over  a  dc  to  kHs  frequency  range.  The  fiber¬ 
optic  probe,  figure  7,  was  accurately  positioned  coaxially  in  the 
excitation  transducer.  The  displacement  instrument  was  modified  to 
provide  an  a^>llfled  and  demodulated  ac  output  proportional  to  the 
measured  dynamic  displacement  amplitude.  The  displacement  signals  were 
monitored  directly  on  a  cathode  ray  -^rpe  spectrus.  analyzer  an^or  plotted 
on  an  X-T  recorder  as  a  function  of  excitation  frequency.  This  system 
provided  an  automatic  recording  of  the  dynamic  frequency  response  of  the 
structure.  Other  system  components  included  an  auxiliary  heater-controller 
system,  temperature  recorders  and  indicators,  and  a  digital  frequent 
counter. 

Operation  of  the  DOT  system  is  based  on  the  comparative  vibration 
response  measurements  on  coaposite  materials  of  known  strength  properties 
and  system  calibration  of  the  strength  deviation  from  the  norm  in  terms  of 
either  a  resonance  response  aiplitude,  frequency  or  half  band-width 
measurement.  The  DOT  transducer  is  operated  either  noncontact  or  supported 


6 


on  the  coiqposlte  with  varying  sized  rings  or  three  point  contacts.  The 
coBpjsite  is  swept  frequency  driven  at  selected  excitation  levels  unt51 
a  significant  response  is  indicated.  Particular  frequency  resonances 
related  to  the  geoaetzy  effects  of  the  test  system  are  ascertained  and 
only  these  resonances  associated  with  the  damping  of  the  coi^site  are 
measured. 

Vibrational  response  measurements  using  the  DOT  system  were  carried 
out  at  elevated  tes^ratures  using  two  approaches  a)  the  entire  speci¬ 
men  and  DOT  transducer  assembly  were  thermally  cycled  in  an  oven  and 
b)  the  specimen  was  maintained  at  ambient  with  the  local  surface  crea 
heated  by  the  DOT  transducer  exciter  coil  by  eddy  current  heating  si^s- 
plemented  by  an  auxiliary  resistance  type  heater. 

Oven  Teste 

The  low  frequency  response  data  for  fourteen  tests  are  shown  in 
figure  10  and  in  figure  11.  It  was  noted  during  the  test  that  particu¬ 
lar  frequency  peaks  shifted  with  teiqperature  and  the  data  were  plotted 
hy  cosqparing  the  as^litude  of  the  same  frequency  peak  in  each  spoeimen 
response.  It  is  evident  that  the  low  frequency  response  peak  an^litude 
in  the  I5O  to  I60  Hz  range  increased  significantly  with  increasing  teoH 
perature  testa.  It  was  further  evident  that  an  optimum  test  teiqMrature 
could  be  selected  in  the  I30  to  I60OF  range  giving  an  aagslitude  test 
range  of  200  to  25O  mili volts. 

Increasing  the  excitation  cttrrent  from  5  to  10  anqwres  increased 
the  asDlitude  rtmge  to  sq>proximately  0.1  to  1.0  volts.  A  cotiq»rison  of 
the  e3q>ected  tenqwrature  relationship  shown  in  figure  8  with  the  general 
trend  in  figure  9  shows  the  predicted  spread  in  bond  strength  data  for 
the  different  specimens.  The  predicted  adhesive  danping-tsoperature 
relationship  was  confirmed. 

The  high  frequency  response  data  for  “Uie  same  specimen  test  series 
is  suBinarized  in  figure  10.  The  data  were  plotted  using  response  fre¬ 
quency  peaks  at  approximately  13OO  Hz.  The  satoe  bond  strength  data 
relationship  was  evident  with  a  lower  response  amplitude.  The  freqitcncy 
changes  for  the  four  specimens  are  shown  in  figure  11  and  represent 
another  means  cf  differentiating  between  good  and  degraded  composites. 

The  elevated  temperature  tests  performed  in  the  oven  shoved  con¬ 
clusively  that  the  DOT  vibration  response  and  anelysis  method  of  de¬ 
termining  bond  strength  was  a  practical  meens.  T>.ls  laethod  alone  would 
suffice  for  testing  cooposite  materials  of  suitable  size  or  configura¬ 
tion  where  either  the  entire  structiire  or  selected  areas  could  be 
environmentally  heated  to  test  teoperatures,  however,  the  spplicability 
of  this  method  for  cooplex  structures  such  as  a  Saturn  vehicle  was 
considered  limited.  Therefore,  the  DGT  system  was  evalx^ated  for 
sided  self -heating  capability. 


This  evaluation  was  conducted  under  laboratory  environBental  con¬ 
ditions  with  the  DOT  transducer  driver  eaployed  to  heat  a  local  area  of 
the  co!q;>03it-e  by  eddy  current  effect  and  supplemented  by  a  guard-type 
resistance  heater  integrally  mounted  around  the  DOT  periphery.  The 
heated  area  was  approximately  6  inches  in  diameter,  and  tests  were  con¬ 
ducted  at  intervals  of  10  to  I5  minutes  allowing  temperature  stabiliza¬ 
tion  of  ±20C. 

In  considering  the  transition  from  the  oven  tests,  a  preliminary 
evaluation  showed  that  clamping  was  not  necessary  for  damping  measure¬ 
ments  above  0.6  kHz.  Further,  the  application  of  heat  from  only  one 
side  of  the  composite  reduced  the  response  peak  amplitudes  by  approxi¬ 
mately  25  percent,  which  still  permitted  a  reasonable  signal-to-noise 
level. 

The  same  specimen  series  tested  in  the  oven  evaluation  were  retested. 
The  measurooent  method  included  a  frequency  scan  to  determine  response 
frequencies  related  to  the  composite  properties  and  omaffected  by  the 
specimen  geometry  or  stpport.  Vibration  response  measurements  were  made 
at  four  or  five  temperatures  after  thermal  stabilization.  The  response 
peak  amplitudes  were  recorded  as  a  function  of  frequency  at  5,  7> 

12,5,  and  15  ampere  driving  coil  current. 

The  peak  response  amplitude  data  at  15-ampero  drive  were  plotted  as 
a  function  of  boid  strength  as  shown  in  figure  12.  The  amplitude- 
strength  relationship  is  in  accord  with  the  previotjs  oven  test  data  and 
shows  a  proportionately  increasing  response  amplitude  with  increasing 
strength.  Figure  I3  ^so  shows  the  response  frequency  dependence  with 
strength  as  predicted  and  as  observed  in  the  oven  test  data.  It  was 
therefore  concltided  that  the  transition  from  the  oven  tests  to  laboratory 
self -heating  conditions  was  successful. 

It  is  worthwhile  to  examine  tiie  test  results  of  oven  and  laboratory 
DOT  in  terns  of  the  damping  chara''teri8tics  determined  for  the  adhesive 
rods.  According  to  ths  adhesive  damping  cheractez'istics,  it  was  ex¬ 
pected  that  the  vlhration  amplitude  of  high  cohesive  strength  composite 
at  resonance  would  be  larger  than  'tiiat  of  a  low-strength  composite  under 
the  same  conditions  of  stress  drive  since  the  amplitude  of  vibration  at 
resonance  ie  proportioxai  to  the  driving  force  and  inversely  proportion¬ 
al  to  the  damping.  Tiwrefore,  since  the  adhesive  damping  was  considered 
to  be  ths  domdUBxrt  contribution  to  the  total  composite  damping,  the 
vibration  amplitude  vaa  expected  to  decrease  wi'Qi  increasing  temperature; 
at  assy  one  temponture,  the  amplitude  of  vibration  was  ezqpected  to  in¬ 
crease  wi-Ui  inereasizig  bond'  strength  since  the  damping  characteristics 
are  displaoed.  to  higher  temperatures  with  increasing  bond  strength. 


This  asqplltude  increase  is  baaed  on  the  fact  that  the  relaxation  time 
for  adhesive  defonaation  increases  as  the  adhesive  cure  proceeds  to 
coi^letion.  The  adhesive  d8]i;>ing  at  lower  ten^jerattures  is  smaller, 
ther^b7  minimizing  the  differences  between  the  vibration  amplitudos 
in  the  high-  and  low-strength  conposites.  In  addition,  the  slope  of 
the  resonant  frequency  versus  ten^sersture  plots  for  the  co25)osite8 
was  e:q)ected  to  also  show  the  influence  of  cohesive  bond  strength 
since  the  adhesive  rod-daii^>ing  characteristics  shown  were  apparently 
the  low-teB;>erature  slope  of  the  relaxation  maximum.  At  the  dashing, 
the  modulus  of  the  material  goes  from  an  onrelaxed  state  end  is 
commonly  known  as  the  modulus  defect  typical  in  all  mechanical  relaxa¬ 
tion  mechanisms.  This  "defect"  always  correspends  to  a  lowering  of 
the  modulus  and  is  superis^tosed  i^on  the  normal  temperature  dependence 
of  the  resonant  frequency.  Thus,  at  a  given  measurement  frequency, 
this  effect  occurs  at  lower  temperatures  for  the  lower  strength  speci¬ 
mens,  and  the  average  slope  of  the  resonance  frequency  versus  tempera¬ 
ture  curves  should  be  larger  for  the  low-strength  bonds  than  for  the 
high-strength  bonds.  The  DOT  development  was  premised  on  the  fact  that 
the  measurement  frequency  and  temperature  scale  were  selected  so  that 
the  maxima  in  the  damping  curves  occurred  at  the  higher  temperature 
condition.  The  test  results  for  the  oven  and  laboratory  DOT  tests 
agree  with  the  above  analysis  and  conditions.  It  was  concluded  that 
the  measured  response  amplitudes  of  the  composites  were  controlled 
primarily  by  the  adhesive,  and  that  a  good  correlation  of  nondestruc¬ 
tive  test  and  cohesive  bond  strength  was  established  for  both  the 
damping  and  iresonant  frequency  properties.  It  was  a  little  stirprisiug 
that  the  effects  show  up  in  the  resonant  frequencies  since  the  adhesive 
contribution  to  the  modulus  was  expected  to  be  small;  however,  the 
modulus  defect  of  the  adhesive  is  apparently  large  enough  to  contribute 
significantly  to  the  measurements. 


CONCLUSIONS 


The  DOT  vibration  analysis  has  shown  that  semiquantitative  cohesive 
bond  strength  measurements  are  practical  imder  elevated  temperature  con¬ 
ditions.  The  mathematical  model  acciurately  predicted  the  need  for 
control  of  geometry,  driving  force  and  temperature.  The  DOT  ^stem 
verified  the  conditions  by  direct  mieasurement  of  each  parameter  and  its 
effect  on  the  determined  values  or  cohesive  bond  strength. 

The  DOT  measurement  method  included  two  forms  of  vibration  response 
amplitude  determination  and  a  vibration  response  band-width  determination. 
The  data  from  all  three  methods  show  excellent  agreement,  although  the 
amplitude-force  measurement  method  is  considered  potentially  the  more 


promlBiag  since  the  technique  peroits  direct  normalization  of  the  daisping 
data  between  taeasurements  on  a  single  specimen  or  between  similar  speci¬ 
mens  designed  to  have  con^arable  or  even  dissimilar  materials  as  long  as 
the  measurements  are  made  at  resonance.  Further^  materials  with  varying 
geometry  such  as  the  tapered  Saturn  bolkhead  can  be  tested  by  absolute 
coo^arison  of  the  amplitude  response  data  from  either  thin  or  thick 
sections. 

It  is  therefore  concluded  that  the  DOT  System  is  fundamentally 
established  as  a  practical  method  for  determining  cohesive  bond  strength. 
In  its  present  state  of  development  it  is  a  useful  laboratory  model  for 
aemlquantitative  measurements.  The  final  system  developaent  for  pro¬ 
duction  type  applications  must  depend  on  further  material  characteriza¬ 
tion  and  system  optimization  for  particular  test  conditions. 
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A.  FREQUENCY  DEPENDENCE  OF  INTERNAL  IRICTION 


B.  INTERNAL  FRICTION  RELATIONSHIP  TO  BC»n>  STRENSTH 


Figure  1.  lotemai  Friction  RelaUon8iui» 
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HONEYCOMB  COMPOSITE  SPECIMEN 


Figure  6.  Block  Diagram  of  the  DOT  Vibration  Analyzing  System 


Figure  '  .  U)l  Iraiisilucer  Holder  Showing  Fiber-Optic  Probe  and  Heater 
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BOND  STRENSTH  -  PSI 


Hij^i-FreqiKnq^  Relationship  Between  Bond  Strength  and  DOT 
Response  Ttoplitude  (0,02- Inch  Facing  Sheets) 
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BOND  STRENGTH  -  PS I 

Figure  12.  DOT  Vibration  Response  Data  Using  Self -Heating  for  Unclaii|)ed 
Honsycratb  Conposites  With  0.063- Inch  Facing  Sheets 


Figure  13.  DOT  Vibratiai  Respo'.se  Frequenq?  Versus  Bond  Strength  (0.063- Inch 

Facing  Sheets) 
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A3STRACT 


This  paper  discusses  the  fabrication  of  qualitative  and  quantitative 
test  standard  panelS}  the  development  of  nondestructive  test  procedures 
and  the  implementation  of  methods  into  production. 

In  it  are  described  qualitative  procedures  for  detection  of  internal 
honeycomb  core  damage,  unbonded  areas  in  multiple  metal  to  metal 
laminates  and  quantitative  procedures  based  on  correlation  of  ultra¬ 
sonic  response  with  bond  strength  of  both  honeycomb  sandwich  and  metal 
to  metal  adhesive  bonded  structures. 

Problems  encountered  with  the  new  low  cure  teiq>erature  adhesives,  as 
they  influence  nondestructive  testing  parameters  of  specific  honeycomb 
type  structures,  are  presented  and  some  methods  of  problem  resolutions 
are  described. 

The  Fokker  Bond  Tester,  an  ultrasonic  resonance  type  instrument  is  used 
for  all  quantitative  nondestructive  testing  of  bonded  structures  at 
Northrop  Norair. 


INTRODUCTION 


Adhesive  bonded  structures  are  normally  classified  into  two  general 
configurations.  Metal  to  metal,  consisting  in  its  sinq>lest  form,  c-f 
two  pieces  of  sheet  metal  bonded  together,  and  honeycomb  sandwich 
structures,  which  is  more  or  loss  self-explanatory  in  that,  a  piece  of 
honeycomb  core  is  bonded  between  two  pieces  of  sheet  metal.  There 
are  many  variations  of  these  basic  configurations,  and  depending 
upon  the  applications,  the  structures  can  be  very  coi^^ler:. 

The  design  engineer  who  selects  a  certain  adhesive  .«i/?tejn,  makes  his 
choice  based  on  mechanical  properties  which  have  been  established  by 
the  mani:factuser  or  the  laboratory  of  his  own  coo^any. 

liith  bolted  joints.-  it  is  sufficient  to  test  a  number  of  bolts  in  order 
to  be  able  to  calculate  with  reason«bia  accuracy,  tne  strength  of  the 
joint.  However,  this  is  not  the  esse  with  adhesives. 

Preparation  of  test  specimens  in  the  laboratory,  using  the  same  aahesive 
as  in  the  actual  production  operation,  give  results  that  will  not  tell 
much  about  the  quality  of  the  bonded  production  structures. 


The  mechanical  properties  of  the  cured  adhesive  material  are  the  results 
of  the  process  itself,  consequently  there  can  be  mau/  reasons  why  the 
laboratory  specimens  will  yield  different  strength  values  from  the 
production  joints,  which  have  been  made  with  the  same  adhesive. 

The  strength  figures  given  in  adhesive  data  sheets  have  been  established 
by  testing  standardized  specimens.  Since  the  stress  distribution  in  the 
bonded  joints  of  the  specimens  may  be  conq>letely  different  than  those  in 
the  production  structures  under  load,  the  quality  of  every  important 
bonded  joint  should  be  compared  in  some  way  with  the  desired  quality  level. 

These  facts  make  quality  control  of  adhesive  bonded  structures  very 
difficult.  The  normal  quality  control  procedures  for  bonded  structures, 
requires  periodic  acceptance  tests  of  adhesive  material,  and  rigid 
controls  over  the  processes  used  in  the  bonding  operation.  These  controls 
are  used  in  conjunction  with  destructive  tests  of  coupons  which  are 
processed  with  the  assemblies.  The  bond  strength  of  the  part  is  assumed 
to  be  that  of  the  test  specimens. 

We  at  Northrop  Norair  do  not  feel  this  to  be  true.  These  procedures  do 
not  evaluate  the  strength  of  a  particular  joint,  but  only  define  the 
quality  of  bonding  on  a  statistical  basis.  Testing  of  coo^leted  joints 
was  limited  to  methods  such  as  visual  inspection,  single  mallet  or  coin 
tapping  techniques,  proof  loading  or  cutting  out  of  small  test  buttons. 
Therefore,  it  was  evident  that  a  nondestructive  a.ethod  for  determining 
the  bond  strength  of  a  joint  was  necessary'  to  assess  the  quality  of  an 
adhesive  bond.  The  questions  with  which  we  v^ere  concerned  was  not  only 
do  we  have  unbonded  or  void  areas,  but  hew  strong  is  the  bond?  To 
determine  this,  it  was  necessary  we  come  up  with  instrumentation  and 
procedures  which  would  give  us  a  quantitative  evaluation  of  bonded  joints. 

After  an  evaluation  of  several  ultrasonic  instruments,  the  Fokker  Bond 
Tester  was  selected.  Since  we  were  to  determine  the  strength  of  the 
bonded  joint,  it  was  necessary  that  we  base  our  curves  on  destructive 
tests  that  could  be  correlated  to  instrument  response. 


TEST  SPECIMEN  PREPARATI(»i 


The  liiq>ortance  of  test  specimen  cannot  be  over  emphasized  since  the 
major  problem  in  preparing  correlation  curves  is  fabricating  test 
specimens  with  quantiative  variations  in  bond  strength.  Specimens 
prepared  in  accordance  with  conventional  methods  were  found  inadequate 
to  control  the  quantitative  variations  in  bond  line  thickness. 
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Speciotens  uf  iotermedlAte  strength  are  particularly  difficult  to 
prepare  due  to  the  many  variables  affecting  bond  strength,  the 
response  sensitivi  ty  of  the  Fokker  Bond  Tester  to  these  variables, 
and  the  necessary  relationship  between  discrepancies  In  the  test 
panels  to  those  causing  wealt  bond  strength  in  production  assemblies. 

Test  specimens  were  prepared  using  the  same  metal  thickness  combin¬ 
ations,  !.  ^0  s'j*'  'sc.e  preparation,  bonding  processes  and  adhesive 
materials  aS  tb^.  m-.  assemblies. 

Our  whole  concept  of  quantitative  evaluation  of  bonded  structures  was 
based  on  the  mismatch  of  detail  components  and  bonding  tool  wear  which 
allows  gaps  between  adherends  to  exceed  bond  line  tolerances. 

Various  methods  of  producing  satisfactory  test  specimens  were  tried. 
The  final  and  most  accurate  methods  are  shown  in  Figure  1  which  is 
a  picture  of  the  type  panel  for  lap  shear  specimens, and  Figure  2 
which  shows  the  configuration  for  honeycomb  flatwise  tensile. 

It  will  be  noted  that  the  shims  support  the  bond  area  on  all  sides. 
This  type  of  shimming  reduces  the  problem  of  having  a  concave  center 
which  would  not  be  a  reliable  specimen  for  testing.  During  cure  a 
heavy  caul  or  pressure  plate  is  positioned  on  top  of  the  panel  with 
a  piece  of  rubber  on  top.  It  has  been  found  that  the  pressure  plate 
is  necessary  to  prevent  adverse  pressure  distribution  which  results 
in  the  above  mentioned  concave  condition. 

Prior  to  fabricating  test  panels  for  quantitative  evaluations  it  is 
necessary  to  conduct  tests  to  determine  the  Hmits  of  gaps  which  can 
be  tolerated.  Once  this  has  been  established  test  panels  can  be 
prepared  using  shims  up  to  the  top  limits  as  determined  by  the 
preliminary  data. 

Our  normal  procedure  is  to  fabricate  test  panels  using  no  control  of 
bond  line  thickness,  and  panels  with  .010”  .012”  .015”  or  other  shims 
as  deemed  necessary. 

As  an  example,  when  test  panels  were  prepared  for  plotting  correlation 
curves  with  a  vinjd-phenolic  adhesive  the  shim  sizes  ranged  from  .008 
inch  to  .025  inch.  With  this  range  we  were  able  to  plot  very  good 
correlation  curves;  however  with  a  nitrile  epoxy  adhesive  the  shims 
ranged  from  .006  inch  to  .016  inch. 

To  clarify  our  concept  of  shimming  to  induce  a  low  pressure  bond  area, 
we  do  not  care  if  the  g^  between  the  test  panel  adherends  is  exactly 
the  size  of  the  shim.  All  we  are  concerned  with  is  that  there  is  a 
difference  in  Bond  Tester  reading  and  physical  strength. 


Normal  procedure  Is  to  prepare  sufficient  test  panel  to  be  able  to  use 
at  least  100  specimens  for  data  evaluation  and  plotting  the  correlation 
curves. 

All  lap  shear  panels  are  prepared  with  a  0.5  inch  overlap.  All  honey¬ 
comb  flatwise  tensile  specimens  are  prepared  2"  x  2"  x  core  thickness. 

To  prevent  peeling  of  lap  shear  specimen  made  from  thin  metal,  the 
specimens  are  ultrasonically  Inspected  and  then  thicker  metal  back  plates 
are  bonded  on  each  side.  This  reduces  the  error  which  would  result  from 
peeling  action  and  metal  failure. 

All  specimens  are  cured  using  the  same  cure  cycle  as  for  the  production 
assemblies. 


DATA  EVALUATKa; 


Figure  3  is  an  actual  laboratory  work  sheet  which  tabulates  correlation 
data  of  frequency  shift  quality  units  versus  destructive  lap  shear  strength. 

The  correlation  curves  are  established  by  plotting  the  points  and  drawing 
the  best  fitting  curve.  Honeycomb  flatwise  tensile  are  evaluated  in  the 
same  manner;  however  when  testing  the  flatwise  tensile  specimens  ultra¬ 
sonically  a  total  of  nine  readings  are  taken  on  each  side  of  the  sandwich 
(depending  on  probe  diameter).  These  readings  are  then  averaged  and  depend¬ 
ing  on  which  side,  top  or  botto?.,  fails  in  tension  the  average  ultrasonic 
reading  is  noted  for  the  tensile  value  obtained. 

It  is  possible  to  have  what  is  called  a  substandard  reading  and  still 
have  an  acceptable  test.  The  failing  stress  is  really  an  average  of  the 
area  being  tested,  therefore  the  above  type  condition  is  acceptable. 

The  failure  mode  of  all  specimens,  both  1^  shear  and  flatwise  tensile  is 
noted.  To  obtain  reliable  correlation,  specimen  failure  must  be  caused 
by  exceeding  the  cohesive  strength  of  the  adhesive  layer.  Failures  caused 
by  exceeding  the  strength  of  the  adherend,  or  the  strength  of  adhesion  at 
the  adhesive  -  adherend  interface  do  not  correlate  with  cohesive  bond 
strength  or  with  Fokker  Bond  Tester  readings. 

Figure  4  is  the  lap  shear  correlation  curve  obtained  frwu  the  work  sheet 
in  Figure  3  . 

A  typical  honeycomb  flatwise  tensile  laboratory  work  sheet  is  indicated  in 
Figure  5  and  correlation  curve  is  shown  in  Figure  6  . 


\ 
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It  is  necessary  to  use  another  type  of  correlation  curve  for  lep  shear 
called  the  quality  diagram,  to  correlate  the  nondestructive  and  destructive 
shear  strength  of  a  bonded  joint.  This  is  due  to  the  non-linear  relation- 
,  ship  between  bond  strength  and  bond  area,  or  ^-thickness  of  adherends.  This 
condition  is  caused  by  deformation  of  the  adherend  under  load,  which 
causes  stress  concentration  in  the  joint. 

Details  on  how  to  prepare  this  type  curve  will  be  found  in  the  ASTH 
''Proposed  Method  for  Inspection  of  Adhesive  Bonded  Structures  Utilizing 
the  Fokker  Bond  Tester", 


DATA  VERIFICATKMI 


Once  the  laboratory  work  has  been  completed  and  correlation  curves  and 
acceptance  limits  established,  the  methods  and  procedures  are  introduced 
into  normal  production  inspection.  It  might  be  felt  that  this  is  a 
dangerous  procedure,  since  all  the  data  available  has  been  obtained  from 
laboratory  specimens;  however,  all  adhesive  bonded  structures  follow  a 
so-called  dissection  schedule  which  requires  that  a  co{iq>leted  assonbly 
be  dissected,  examined  and  tested  peri^ically.  Table  1  indicates 
this  schedule. 

Prior  to  dissection,  each  qualification  assembly  is  ultrasonically 
inspected  in  accordance  with  the  specified  procedures.  All  instrument 
readings  are  recorded,  the  assmbly  is  cut  into  lap  shear  and  honeycomb 
flatwise  tensile  specimens  and  destructively  tested. 

From  the  ultrasonic  readings,  the  pl^sical  strength  of  the  specimen  is 
estimated  from  the  applicable  correlation  curve.  This  value  plus  the 
actual  value  are  plotted  to  show  statistical  correlation  between  non¬ 
destructive  and  destructive  test  values.  Figure  7-8  and  Table  3  . 

These  data  are  accmmilated  until  the  degree  of  reliability  is  such  that 
it  is  feasible  to  open  up  the  dissection  schedule  to  that  shown  in 
Table  2  . 

This  procedure  is  used  for  each  adhesive  bonded  structure  on  the  F-5 
and  T-38  aircraft. 

One  it«a  which  I  feel  everyone  is  very  interested  in  is  cost  savings. 
Adhesive  bonded  structures  are  expensive  and  each  time  one  is  rejected 
money  goes  down  the  drain;  however  before  the  recent  change  of  adhesive 
systems  at  Northrop  Norair  the  dissection  of  bonded  structures  weis 
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reduced  fron  one  out  of  every  30“  unit  to  one  out  of  every  100^  unit. 
This  was  not  only  a  cost  saving  item,  but  also  with  the  verifiable  data 
a  greater  degree  of  quality  assurance  was  obtained. 


TABLE  1 


DlSSECTKMi  SCHEDULE  (Each  Bonding  Tool) 


Accumulated  Assemblies 

Dissect 

1  through  10 

1 

11  through  25 

1 

26  through  SO 

1 

Each  30  thereafter 

1 

TABLE  _2_ 

(After  Verifiable  Ultrasonic  Data) 

0ISSECTI(»1  SCHEDULE 

Accumulated  Assenblies 

Dissect 

1  through  8 

1 

9  through  15 

1 

16  through  50 

1 

Every  50  thereafter 

1 

METAL  TO  METAL  IfiJLTIPLE  LAMINATES 

The  quantitative  evaluation  of  multiple  bond  lines  is  very  difficult. 

The  problen  encountered  is  the  effect  of  each  bond  line  upon  the  other 
from  the  standpoint  of  instrument  response. 

A  great  deal  of  study  has  been  made  by  Norair  of  this  condition  and  the 
final  analysis  has  been  to  evaluate  railtiple  bond  lines  qualitatively  since 
the  results  of  the  quantitative  study  indicated  that  the  scatter  was  too 
great  for  good  correlation.  The  procedures  established  utilize  so  called 
step  panels  Figure  9  for  ultrasonic  cnqparison.  Testing  nailtiple  bond 
lines  for  voids  is  based  on  the  principle  that  the  zero  quality  (void) 
and  ideal  bond  quality  can  be  determined  by  a  standard  having  a  void  in 
the  top  sheet.  Adjusting  for  zero  on  the  t(^  sheet  permits  testing  the 
first  bond  line.  Adjusting  zero  on  a  well  bonded  Imsinate  equal  to  the 
thickness  of  sheet  1  and  2  can  be  used  for  checking  the  second  bond.  This 
method  will  detect  voids  or  unbonded  area  in  laminates  containing  4  bond 
lines  and  location  of  the  void  can  be  determined. 
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BUCKLED  AND  CRUSHED  HCaiFYCOlB  CCHtE 


Certain  honeycomb  structures  for  the  F-5/T-38  aircraft  are  crushed  edge 
assemblies.  The  exterior  surface  is  flat;  however,  the  inner  skin  surface 
is  a  pan  type  configuration  with  a  transition  area  at  the  edges  forming 
the  crushed  edge. 

The  honeycomb  and  skins  are  assembled  and  then  crushed  under  hydraulic 
pressure.  If  the  inner  pan  section  is  under  tolerance  it  is  possible 
that  the  field  core  will  be  buckled  during  the  crushing  operation. 

To  detect  this  possibility  a  procedure  was  developed  for  nondestructive 
inspection  of  these  assemblies. 

It  was  possible  to  establish  limits  based  on  degree  of  buckle.  Figure  10 
and  Figure  11  show  the  difference  in  scale  readings  between  a  good  section 
and  a  crushed  section. 

Low  frequency  transducers  in  the  range  of  50-70  KHz  are  utilized  for  this 
type  inspection.  The  method  has  been  used  for  field  service  and  found  to 
be  very  accurate. 


RDPTDBED  HONEYCOMB  CmE 


The  possibility  of  honeycomb  core  adhesive  bonded  structuring  sustaining 
core  rupture  or  discontinuity  is  not  common,  however  it  does  occur  due 
to  some  type  daaage  and  a  method  of  nondestructive  inspection  is  necessary 
to  detect  this  condition.  Norair  utilizes  through  transmission  for  this 
type  of  nondestructive  inspection. 

To  pr<^erly  inspect  by  this  method  it  is  necessary  to  provide  test  sauries 
of  known  quality  to  establish  a  relationship  between  the  ultrasonic  equip¬ 
ment  and  the  parts  to  be  tested. 

The  reference  standards  should  be  fabricated  using  the  same  adhesive  systm 
and  processing  cycles  including  the  finishing  paint  system  if  applicable. 

The  reason  for  including  the  paint  system  on  the  standards  is  due  to  field 
service  where  it  is  not  advisable  to  attempt  to  rasove  the  paint. 

The  reference  standards  are  marked  off,  in  areas  indicating  percent  of  rupture 
covered  by  the  receiving  transducer  crystal  (i.e.  50%  area  indicates  that 
SOX  of  the  receiving  transducer  crystal  area  is  located  over  ruptured  cere). 
Figure  12  and  Figure  13  show  how  the  reference  standards  are  prepared  and 
utilized.  Figure  14  is  a  curve  indicating  approximate  rupture  size  versus 
relative  signal  maplitude.  Figures  15  ,  16 ,  17  &  IBindicates  wave  form  anpli- 
tude  corresponding  to  rupture  size. 


In  order  to  conduct  through  transmission  inspection  accurately  it  is 
mandatory  that  the  transmitter  and  receiver  be  in  exact  opposition. 

Figure  19  &  20  show  the  type  tenplates  which  are  used  for  this 
inspection. 

NEW  ADHESIVE  SYSTEMS 

The  original  correlation  curves  for  production  nondestructive  inspection, 
were  based  on  assemblies  bonded  with  a  vinyl  phenolic  adhesive  system. 

Due  to  the  "gap  filling"  properties  of  this  adhesive,  the  problems  of 
producing  good  correlation  curves  was  minimal.  It  could  be  stated  that 
the  instrument  reading  and  strength  reductions  were  almost  proportional 
to  the  gap  size  between  adherends. 

However,  with  the  introduction  of  the  modified  epoxy  low  cure  tei:q>erature 
adhesive  systems,  problems  were  encountered  with  tapered  or  wedge  type 
honeycomb  sandwich  str>jcture. 

It  appears  that  these  type  adhesives  which  do  not  have  gap  filling 
properties,  that  affect  the  density  of  the  material,  requires  a  lower 
frequency  for  nondestructive  inspection.  This  is  where  the  problems 
occur,  because  using  low  frequency  of  the  resonance  t3q>e  not  only  measures 
the  cohesive  properties  of  the  adhesive,  but  also  j^e  .core  thickness. 

Full  scale  needle  deflection  occurs  during  test  from  the  thick  section  of 
the  sandwich  structure  to  the  thin  trailing  edge.  No  degree  of  correlation 
could  be  established  between  instrument  readings  and  physical  strength  using 
the  normal  transducers. 

Ck>nsiderable  time  was  e]q>ended  testing  various  type  transducers  and  crystals 
in  an  attaint  to  establish  the  correct  frequency  and  vibration  mode. 

Special  crystals  were  manufactured  to  our  requir^ents  and  some  success 
has  been  achieved,  since  procedures  and  correlation  curves  have  been 
established  for  all  but  two  of  these  type  F-5  and  T-38  boneyccxnb  structures, 
and  it  is  anticipated  that  additional  studies  will  result  in  coo^lete 
resolution  of  this  problem. 

The  established  procedures  are  very  sensitive  and  has  necessitated  retrain¬ 
ing  of  N.D.T.  operators  and  calibration  of  all  equipment  to  establish 
frequencies  at  specific  instrument  settings. 


NONDESTRUCTIVE  TESTING  IN  PRODDCTIQN 


The  introduction  of  a  nondestructive  test  method  into  the  normal  production 
inspection  procedures  is  the  culmination  of  all  the  previous  laboratory  work. 

Northrop  Norair's  procedure  is  spelled  out  in  the  Process  Specifications 
which  give  the  part  configuration,  meral  thickness  combinations,  Fokker  Bond 
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Tester  probe  size,  applicable  Instrument  settings,  acceptance  limits 
and  percent  of  assembly  area  to  be  inspected.  This  ranges  from  1007. 
to  107.  depending  on  the  critical  loading  of  the  assembly.  No  templates 
are  used  for  testing,  thereby  a  random  type  sampling  is  obtained. 

Sketches  of  all  honeycomb  assemblies  are  available  for  inspection  personnel 
to  record  sub-standard  readings  and  locations. 

I  do  not  want  to  glve\the  in^ression  that  the  introduction  of  nondestructive 
methods  of  testing  adhesive  bonded  structures  was  accomplished  without 
some  differences  of  opinion.  1  am  sure  that  most  nondestructive  test 
engineers  have  encountered  the  problem  of  inspecting  a  production  assembly, 
finding  discrepancies,  and  rejecting  the  part. 

Production  personnel  are  a  hard  breed  of  people  to  convince  that  a  little 
black  box  can  determine  the  quality  of  their  assemblies.  In  our  case  it 
was  necessary  to  dissect  several  production  assemblies  to  convince  the 
skeptics  that  the  results  of  the  nondestructive  tests  were  valid.  After 
several  of  these  cases,  we  made  '^believers'*  of  them,  and  at  the  present 
time  the  results  of  nondestructive  Inspection  are  not  questioned. 


CONCLUSIONS 


The  work  with  the  Fokker  Bond  Tester  over  the  past  eight  years  has  resulted 
in  the  application  of  this  type  of  nondestructive  testing  for  quality 
control  of  various  adhesive  systems  involving  a  number  of  bonded  structures. 

Basically,  the  method  is  capable  of  determining  cohesive  strength  of  metal- 
to-metal  and  skin-to-core  type  bonds.  It  is  necessary  to  prepare  suitable 
correlation  curves  to  correlate  nondestructive  test  parameter  with  bond 
strength.  The*  primary  limitations  of  the  Fokker  Bond  Tester  method  is  its 
inability  to  evaluate  the  strength  of  adhesion  at  the  interface  unless 
either  voids  or  sufficient  porosity  are  present  to  affect  ultrasonic 
response. 

Rigid  process  control  is  still  required  since  the  instrument  is  relatively 
insensitive  to  degradation  of  bond  strength  due  to  ln^roper  compounding, 
contamination  or  incoiq>lete  cure  of  the  adhesive  material.  These  type 
conditions  cannot  be  accurately  determined  by  the  Fokker  Bond  Tester  or 
by  any  other  existing  nondestructive  test  method. 

The  itq>lementation  of  nondestructive  testing,  utilizing  the  Fokker  Bond 
Tester,  at  Northrop  Norair  has  resulted  in  the  following: 

1.  Increased  quality  assurance  resulting  from  verifiable 
data  as  to  bond  strength. 

2.  Increased  quality  assurance  resulting  from  verifiable 
data  as  to  internal  conditions  of  honeycomb  core. 

3.  Increased  production  due  to  the  ability  to  determine  quality 
of  assemblies  during  normal  nondestructive  inspection. 
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ESTIMATED  STRENGTH  FROM  FOKKER  READINGS  VS  DESTRUCTIVE  TEST  STRENGTH 


ESTIMATED  FLATWISE  TENSILE 

FIG.  7 
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Ruptured  Size  -  257o  of  the  area  covered  by  the  ,312  inch  diameter  Receiver 


Rupture  Size  -  757.  of  the  area  covered  by  the  ,312  inch  diameter  Receiver 

Note  -  1007.  rupture  of  area  covered  by  the  Receiver  will  indicate  no  ’’pip"  on 
the  base  line. 
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Aligoment  Tenplate  Exterior  Surface 
Wing  Panel  Assembly  Opper 


FIG.  20 


Alignment  Tenplate  Interior  Surface 
Wing  Panel  Assembly  Upper 


"Thermal  Inspection  of  Adhesive  Bonded  Structures" 

E.  J.  Barton,  Research  Engineer 
Automation  Industries,  Inc. ,  Boulder,  Colorado 

INTRODUCTION 


Infrared  nondestructive  inspection  is  a  term  rather  generally  applied 
to  types  of  testing  where  the  amount  of  heat  in  a  part  or  the  heat  flow 
through  a  part  is  measured  to  evaluate  its  quality.  This  term  is  some¬ 
what  misleading  since  the  true  probing  energy  is  actually  the  heat. 
Infrared  is  simply  one  means  of  temperature  readout,  speciBcally 
that  portion  of  the  spectrum  to  which  radiometers  (remote  temperature 
measuring  instruments)  are  sensitive.  Thermal  NDT  would  be  a  more 
suitable  term  since  the  temperature  readout  could  be  accomplished  by 
several  methods  such  as  thermometers,  thermocouples,  and  heat  sensi¬ 
tive  materials  including  paints  and  liquid  crystals. 

Thermal  NDT  as  we  shall  now  refer  to  this  type  of  inspection, 
naturally  breaks  down  into  two  categories:  passive  testing  and  active 
testing.  Passive  testing  involves  the  monitoring  of  the  natural  tempera¬ 
ture  variations  of  a  part.  An  example  would  be  testing  an  operating 
circuit  board  for  hot  spots  indicating  defective  components  or  improper 
design.  Another  example  of  passive  testing  would  be  measurement  of 
human  body  temperatures  to  detect  variations  indicating  disease  or  poor 
blood  flow.  Measurement  of  furnace  walls  for  hot  spots  indicating  thin 
areas  would  also  be  a  passive  test. 

Active  testing  includes  tests  where  the  investigator  applies  or  removes 
heat  from  the  part  and  measures  temperature  variations  to  determine  the 
internal  characteristics.  Most  of  the  work  discussed  in  this  paper  was 
directed  at  evaluating  materials  and  structures  and  therefore  used  the 
active  testing  techniques. 

BASIC  THEORY 

The  basic  test  configuration  is  shown  in  Figure  1.  Heat  energy  in  the 
form  of  visible  radiation  is  applied  to  the  test  surface.  The  heat  diffuses 
into  the  part  at  a  rate  dependent  on  the  internal  characteristics.  SurJ^ce 
temperature,  an  indication  of  the  diffusion  rate,  is  measured  by  a  radio¬ 
meter  viewing  the  infrared  radiation  emitted  from  the  surface.  It  should 
be  noted  that  the  heat  could  be  applied  by  such  means  as  hot  air  or  flame 
heating.  The  surface  temperature  could  alsobe  measured  by  means 
other  than  a  radiometer.  The  important  factor  in  the  test  is  initiation  of 
heat  flow  through  the  part. 


Notice  that  the  heating  radiation  and  the  temperature  readout  are 
xmrelated  in  origin.  The  heat  originates  in  the  heat  source;  the  infrared 
originates  at  the  test  surface.  The  test  is  not  a  measure  of  reflected 
energy  since  natural  isolation  occurs  between  the  heater  and  sensor  due 
to  their  difference  in  wavelength.  Also  notice  that  neither  heater  nor 
sensor  physically  contacts  the  test  part,  a  characteristic  which  is  often 
desirable  in  practice. 

The  method  by  which  the  surface  temperature  indicates  subsurface 
defects  can  best  be  described  by  referring  to  Figure  2.  If  heat  is  apjdied 
evenly  over  the  test  surface  it  diffuses  uniformly  into  the  part.  If, 
however,  a  defect  is  present,  as  in  this  case  the  unbond  between  the  two 
laminates,  the  uniform  heat  flow  will  be  obstructued.  After  a  short  time 
a  heat  buildup  will  occur  over  the  defect  due  to  the  obstruction.  This 
hot  spot  can  then  be  detected  on  the  surface  and  indicate  the  subsurface 
defect.  This  e3q>lanation  would  apply  equally  well  to  solid  materials  with 
voids,  facing  sheets  bonded  to  honeycomb  structures,  or  foreign  materials 
in  a  parent  material. 

The  time  required  for  the  hot  spot  to  appear  on  a  test  surface  is 
important.  Referred  to  as  the  time  delay  between  heating  and  tempera¬ 
ture  measurement,  this  pcirameter  controls  the  penetration  depth  of  the 
test.  Long  delays  allow  the  applied  heat  to  penetrate  deeply  into  the 
part  before  the  surface  temperature  is  measured.  This  would  be  reqtiired 
for  slow  conducting  zziaterials  sUch  as  nonmetallics  or  for  defects  deep  in 
a  part.  Short  delays  allow  only  shallow  penetration  as  would  be  required 
for  near  surface  defects  or  for  materials  that  rapidly  conduct  heat  such 
as  most  metals. 


TEST  METHODS  AND  RESULTS 


In  practice  there  are  a  wide  range  of  test  configurations  and  equipment 
available  to  perform  infrared  or  thermal  NDT.  As  mentioned,  the  tech¬ 
niques  discussed  here  will  be  most  applicable  to  material  evaluation  since 
active  testing  is  used. 

Figure  3  shows  a  simple  technique  for  a  single  line  scan  across  a  part. 
This  method  involves  using  a  stationary  heat  source  and  radiometer  and 
a  moving  sample.  The  radiometer  views  a  single  point  on  the  sample 
and  the  relative  motion  of  the  test  part  generates  the  line  scan.  The  heat 
spot,  typically  in  the  form  of  focused  heat  lamp  filaments  is  imaged  on 
the  test  part  and  swept  from  left  to  right  in  this  figure.  The  radiometer*s 
view  is  aimed  a  short  distance  behind  the  leading  edge  of  this  moving  heat 
spot.  This  short  delay  allows  the  applied  heat  to  diffuse  into  the  test  part 
and  form  hot  spots  over  the  subsurface  defects.  The  delay  time  depends 
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on  the  scan  speed  and  the  delay  distance.  Typically,  delays  of  less  than 
one  second  are  used  for  most  metallic  samples  while  nonmetallics  might 
require  several  seconds  delay.  Typical  scan  speeds  for  tests  of  this  type 
would  be  in  the  range  of  1  inch/second.  Notice  that  longer  delays  do  not 
necessarily  mean  slower  scan  speeds  butirather  an  increased  distance 
between  the  leading  edge  of  the  heat  spot  and  the  radiometer's  view. 

The  graph  shown  in  this  figure  is  an  actual  recording  of  an  aluminum 
honeycomb  structure.  The  radiometer  signal,  proportional  to  sample 
sur&ce  temperature,  is  presented  on  the  vertical  scale.  The  horizontal 
scale  represents  distance  along  the  sample.  This  particular  sample 
consisted  of  1/32  inch  aluminum  facing  £heets  adhesively  bonded  to  a 
1/4  inch  thick  aluminum  honeycomb  structure  with  3/16  inch  diameter 
cells.  An  unbond  had  been  simulated  by  removal  of  a  portion  of  the 
sheet  adhesive  on  one  facing  sheet. 

The  line  scan  starts  on  the  left  side  at  room  temperature,  increases 
sharply  as  it  moves  onto  the  sample,  increases  again  over  the  defect, 
and  returns  to  room  tempexature  off  the  right  side  of  the  sample.  The 
vertical  scale  is  approximately  1 0“  C  per  division  indicating  the  sample 
is  heated  12  to  15*C  above  ambient  while  the  defect  is  15* C  hotter  than 
the  normal  sample  temperature.  This  temperature  increase  over  the 
defect  is  caused  by  the  obstruction  of  the  heat  flow  from  the  facing 
sheet  into  the  honeycomb  core.  A  similar  passive  test  could  have  been 
performed  if  the  part  had  already  been  warm.  No  additional  heat  would 
have  been  reqtured  and  the  defects  would  have  appeared  as  cool  spots 
instead  of  hot  spots. 

The  actual  system  used  for  this  test  is  shown  in  Figure  4.  This  is 
essentially  the  same  configuration  as  presented  in  the  line  drawing 
of  Figure  3.  The  test  sample  is  carried  on  a  moving  platform  past 
the  heat  source  and  tripod  motmted  radiometer.  The  heat  source 
consists  of  a  pair  of  tungsten  filamet^  bulbs  focused  by  reflecting  optics 
onto  the  material  surface.  If  significant  area  coverage  is  required  over 
larger  parts  and  speed  is  of  primary  importance,  a  method  termed  area 
scan  testing  is  much  more  appropriate.  The  configuration  of  such  a 
test  is  illustrated  in  Figure  5.  The  basic  heat  penetration  principle  is 
used  but  a  "paint  brush"  heat  pattern  is  substituted  for  the  previous 
spot  heater.  The  surface  temperature  is  then  monitored  by  an  oscillating- 
radiometer.  The  data  is  presented  on  a  facsixnile  recorder  so  that  true 
area  scan  results  are  obtained. 

Figure  6  is  a  schematic  representation  of  such  an  area  scan  system. 
The  "paint  brush"  heat  source  moves  across  the  sample.  A  short  time 
delay  allows  the  applied  heat  to  penetrate  into  the  part.  An  oscillating 
radiometer  then  measures  the  surface  temperature.  This  oscillating 
motion  is  synchronized  with  the  X-axis  drive  on  the  fitcsimile  recorder. 


The  sample  speed  is  matched  to  the  Y-axis  (paper  feedout)  of  the  recorder. 
Temperature  information  from  the  radiometer  is  then  used  to  intensity 
modulate  the  Z-axis  of  the  recorder  so  that  hot  spots  on  the  surface  appear 
as  dark  spots  on  the  facsimile  recording.  The  paper  width  is  matched  to 
the  test  path  width  on  the  sample  so  that  a  full-scale  permanent  thermal 
area  presentation  of  the  test  part  is  obtained. 

Figure  7  shows  a  photograph  of  such  a  system.  The  radiometer  is 
enclosed  in  the  equipment  cover  and  focused  onto  the  target  immediately 
following  the  heat  source*  by  means  of  deflecting  mirrors.  As  the  sample 
passes  the  heat  source  and  radiometer's  view*  an  area  recording  is 
directly  produced  on  the  recorder. 

Figure  8  shows  typical  test  results  on  a  honeycomb  structure.  This 
part  consisted  of  a  thin  fiberglass  facing  sheet  adhesively  bonded  to  an 
altimintim  core.  The  honeycomb  core  had  been  separated  from  the  facing 
sheet  to  simulate  an  unbond  condition.  This  unbond  is  indicated  by  the 
dark  or  hot  spot  in  the  recording.  Notice  also  that  the  individual  ^ceils  >  - 
can  be  detected.  The  cell  walls  appear  cool  since  they  rapidly  conduct 
the  applied  heat  away  from  the  facing  sheet  while  the  cell  centers  are 
hot  because  they  present  a  thermal  barrier  to  the  applied  heat. 

The  inspection  speed  for  such  a  test  is  quite  fast.  The  rapidly 
oscillating  radiometer  scans  a  7  inch  wide  path  on  the  sample;  the 
linear  scan  speed  along  the  part  is  typically  1  inch/second.  These 
combined  motions  result  in  an  inspection  speed  of  approximatdly 
3  square  feet/minute  depending  on  the  material  tested. 

Other  typical  applications  include  inspection  of  laminate  structures. 

Figure  9  shows  test  results  on  a  carbqn-fiberglass  laminate.  This  part 
was  used  as  a  calibration  standard  to  determine  test  capabilities.  Seven 
flat  bottom  holes  of  various  sizes  from  1/2*'  dia. ,  to  1/8**  dia.  were  put 
in  the  fiberglass  side  of  this  part.  These  holes  extended  fiirough  the 
fiberglass  to  the  bond  line  to  simixlate  unbond  conditions.  Four  1/2**  dia. 
holes  of  varying  depths  were  also  put  in  the  fiberglass.  These  holes  simu¬ 
lated  defects  at  various  material  depths  from  1/16**  to  3/16'*.  The  thermal 
NDT  was  performed  from  the  carbon  side  opposite  the  calibration  holes 
As  the  test  results  indicate*  all  of  the  varying  sized  holes  were  easily 
detected.  Two  of  the  varying  depth  holes  were  detected.  Detection  of  the 
two  deeper  defects  would  have  required  longer  delays  associated  with 
deeper  penetration  into  the  part. 

The  system  of  Figure  7  was  intended  for  laboratory  or  limited  inspection 
of  parts  up  to  about  2  feet  wide.  If  larger  parts*  such  as  production  air¬ 
craft  parts*  are  to  be  inspected*  difierent  part  handling  fixtJxres  are  reoxiired. 
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Figure  10  shows  a  large  production  inspection  system.  The  parts, 
too  large  to  easily  move,  are  placed  on  the  test  table,  llie  test  system 
is  then  moved  over  the  stationary  part  producing  a  similar  facsimile 
recording. 

These  systems  which  provide  area  coverage  could  be  used  to  inspect 
various  types  of  parts  including  laminates  and  honeycombs  fabricated  of 
metallicS;  nonmetallics,  or  composites  of  both  materials.  An  optimum 
test  surface  is  any  relatively  flat  sur&ce.  Successful  tests  have  been 
performed  on  aircraft  parts  such  as  wing  sections  and  helicopter  blades. 
Shapes  such  as  cylinders  and  spheres  have  also  been  tested  but  more 
care  is  required  so  that  the  heat  source  and  radiometer  remain  focused 
at  the  test  surface. 


CONCLUSIONS 

Two  thermal  NOT  methods  have  been  presented.  Typical  equipment 
as  well  as  actual  resiilts  on  various  samples  have  been  shown.  Two 
areas  which  have  not  been  discussed  in  regard  to  thermal  testing  are 
surface  emissivities  and  defect  resolution.  Generally  emissivity,  an 
indication  of  the  surfs.ce  reflectivity  is  not  a  major  problem  in  testing. 
For  exampie,  highly  reflective  surfaces  like  bare  aluminum  are  difficult 
to  test  because  they  reflect  the  applied  heat  and  do  not  emit  sufficient 
infrared  energy.  This  is  overcome  by  applying  an  easily  removable 
coating  such  as  a  water  soluble  paint  or  a  strippable  coating.  Any 
coatings  applied  in  the  manufacturing  process  are  generally  acceptable 
test  surfaces.  Even  white  paint  provides  sufficient  uniformity  for 
accurate  testing.  Uniform  test  surfiices  such  as  maqy  steels  and 
etched  surfaces  as  well  as  most  nonmetallic  surfaces  do  not  require 
any  treatment  for  thermal  testing.  Plastics  and  nonmetallic  composite 
structures  usually  have  a  uniformly  dark  surface  in  the  infrared,  and 
in  this  respect  are  especially  well  suited  for  thermal  NDT. 

Since  the  probing  energy  is  heat,,  the  thermal  method  is  best  suited 
for  near  sur&ce  defects.  The  defect  resolution  does  decrease  as 
defects  extend  deeper  into  the  part  sim^dy  because  the  excessive  material 
over  the  defect  difhises  the  developed  hot  spot.  Typically,  defects  must 
have  a  lateral  diameter  approximately  2  or  3  times  their  depth  for  easy 
detection.  For  example,  a  defect  1/16  inch  deep  in  a  part  must  have  a 
lateral  diameter  of  about  1/S  inch  to  be  easily  detected  by  thermal  tech¬ 
niques.  The  normal  dimension  can  be  quite  small  since  heat  flow  will 
be  interrupted  by  a  very  thin  discontinuity.  These  types  of  defects 
normally  appear  in  bonded  structures  such  as  laminates  and  honeycombs. 
The  test  method  need  not,  however,  be  limited  to  only  these  structures, 
but  can  be  applied  to  any  sample  which  contains  defects  that  would  affect 
heat  flow  through  the  part. 
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The  advantages  of  thermal  NDT  such  as  rapid  inspection,  noncontact 
with  part,  and  insensitivity  to  minor  alignment  variations  easily  offset 
the  limitations.  As  more  people  become  familiar  with  techniques  and 
as  more  equipment  becomes  available,  thermal  NDT  will  fill  a  significant 
position  in  quality  assurance,  materials  evaluation,  and  maintenance 
operations. 


Figure  I.  Basic  Test  Configuration 


APPLIED  HEAT 


LAMINATED  STRUCTURE 


Figure  2.  Heat  Flow  in  a  Laminate 


ALONG  SCAN  PATH 


Figure  3.  Line  Scan  Test 


Figure  5.  Area  Scan  Test 


Figure  6.  Area  Scan  Schematic 


Figure 


VARYING  DEPTH  DEFECTS 


Figure  9.  Carbon  -  Fiberglaee  Laminate 
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ABSTRACT 


The  study  of  the  mechanical  hehavior  of  materials  at  high  load¬ 
ing  or  strain  rates  is  limited  by  equipment  capabilities.  Moving 
crosshead  machines  are  currently  limited  to  rates  below  30,000  inches 
per  minute.  To  simulate  higher  loading  rates,  high  velocity  impact¬ 
ing  flyer  techniques  are  employed,  such  as  gas  gaa  and  exploding  foil 
impact  tests.  Measurement  and  definition  of  material  responsw-  and 
structural  changes  resulting  from  exploding  foil  impact  (plate  slap) 
tests  have  not  been  standardized  and  vary  iddely  depending  upon  indi¬ 
vidual  visual  interpretation.  Nondestructive  examination  before  and 
after  such  tests  can  indicate  changes  that  have  occurred  which  are 
not  detectable  by  visual  examination. 

To  assess  the  extent  of  change  within  resin  mat^xX  composites 
after  Impulsive  loading,  pre-  and  post-test  nondestructive  examina¬ 
tions  were  performed  on  two-directional  and  multidirectional  rein¬ 
forced  quartz-phenolic  coeqKjsite  specimens.  Film  radiography,  acoustic 
velocity  measurements,  and  attenuation  C-scan  mapping  were  em]4oy«d 
to  characterize  material  changes.  Ccasparlson  of  the  pre-  and  post¬ 
test  I-ray  radiographs  showed  little  indication  of  change.  Analysis 
of  the  velocity  and  attenuation  data  shoved  that  the  acoustic  veloc¬ 
ity  of  the  cogtposite  materials  decreued  and  the  attenuation  in¬ 
creased  due  to  plate  slap  testing.  It  is  shown  that  this  decrease 
in  velocity  and  increase  in  attenuation  can  be  related  to  an  in¬ 
crease  in  impulsive  loading  fcr  both  the  two-  and  multidirectionally 
reinforced  coaiqiosites . 


IHTRODUCnOH 


One  of  the  maijor  applications  of  resin  matrix  composites  is  for 
re-entxy  vehicle  heat  shields.  These  heat  shields  may  he  subject  to 
in-flight  ia^ulsive  loading  which  can  produce  unfavorable  material 
changes  -  a  reduction  in  irechanlcal  strength  and  a  decrease  in  abla¬ 
tion  resistance.  The  effect  of  these  material  changes  on  the  vehi¬ 
cle  performance  is  of  importance  to  the  design  engineer.  Therefore, 
a  need  exists  to  know  hov  impulsive  loading  will  affect  the  resin 
matrix  composite  heat  shield  materials  and  what  material  changes 
have  occurred  which  would  affect  the  vehicle  performance. 

To  simulate  in-flight  inq>\ilsive  loading,  high  strain  rate  tests 
can  be  performed  on  the  heat  shield  materials.  Such  tests  include 
tension  and  compression  testa  with  moving  crosshead  machines.  These 
moving  crosshead  machines  are  currently  limited  to  rates  below 
30,000  inches  per  minute.  To  obtain  higher  loading  rates,  impact 
testing  has  been  used.  Included  in  this  type  of  testing  are 
Hopkinson's  bar  testing  and  high  loading  rate  impfust  testing  employ¬ 
ing  gas  gun  or  exploding  foil  techniques.  One  such  technique  is 
plate  slap  testing.  This  technique  involves  in^acting  a  plate  of 
one  material,  the  flyer  plate,  against  a  target  of  another  material 
at  a  high  velocity,  producing  a  short  duration  stress  wave  in  the 
impacted  material,  (Figure  l), 

Etush  of  these  tests  can  ca\i8e  changes  in  the  properties  and  the 
structure  of  the  tested  material.  A  method  for  measui^ng  these  mate¬ 
rial  changes  is  necessary.  MechanicaJ.  testing  of  material  that  has 
been  preshocked  by  Hopkinson's  bar  testing  hais  been  used  to  assess 
these  material  changes^.  Another  method  of  assessing  the  changes 
in  impact  tested  material  is  by  visual  examination.  This  visual 
examination  allows  only  a  qualitative  aissessment  of  changes  in 
material  properties  and  ais  a  result,  there  is  a  need  to  quamtitively 
and  more  accurately  assess  these  changes  for  plate  slap  testing. 

Other  possible  methods  for  such  am  evaluation  includes  nondestructive 
analysis,  physical  property  tests,  such  as  ablation  and  heat  tramsfer, 
and  impact  testing  of  preshocked  material. 

This  paper  describes  the  preliminaxy  work  on  the  assesement  of 
materiel,  changes  in  resin  matrix  composites  due  to  plate  slap  testing 
using  several  nondestructive  techniques.  This  paper  covers  the  ini- 
tiail  ampects  of  an  intensive  study  currently  in  progress  at  McDonnell 
Douglas  Astronautics  Ccrapany  -  Western  Division  (MDAC-WD)  to  relate 
nondestructive  anaOysls  and  mechanicaLl  testing  to  materiad  changes 
and  plate  slap  test  pamameters. 


TECITJICAL  APPROACH 


The  materials  eraluated  in  this  program  were  a  two-directionalljr 
reinforced  laminate  and  a  amltidireetisnal  full-angle  interlock 
(designated  DACI/>CK  120)  quartz-phenolic  ccaiposite.  The  tvo  direc¬ 
tional  laminate  vaa  fabricated  at  MDAC-VD  such  that  the  fiber  direc¬ 
tion  in  each  layer  vas  90°  from  the  direction  of  the  layers  imediately 
cidjacent  (Figure  2).  These  alternating  layers  are  perpendictilar  to 
the  thickness  direction.  This  fabric  vas  impregnated  vlth  M(»isanto 
SCIOOS  resin  and  cured.  This  tvo-directional  con^site  is  currently 
being  used  on  re-entry  vehicle  systeas. 

The  multidirectional  full-angle  Interlock  quartz  phenolic  com¬ 
posite  vas  voven  at  Monsanto  in  Durhma,  Horth  Carolina  and  then 
impregnated  vith  SC1008  and  cured  at  MOAC-WD.  Ibe  multidirectional 
construction  of  this  fabric  consists  of  fibers  at  90°  to  each  other 
in  layers  vlth  additional  fibers  at  a  30°  angle  to  the  layers 
(Figures  3  and  ^).  This  multidirectional  composite  has  recmtly 
received  cmsiderable  attention  for  re-entry  vehicle  heat  shlslda 
due  to  its  superior  properties  (interlaminar  shear  strength)  in  the 
thickness  direction,  vhich  provides  resistance  to  stress  vave  propa¬ 
gation  damage  and  Increased  ablatiim  and  spallation  resistance  over 
other  voven  composites. 

The  tvo-directional  laminated  ccsposite  stibjeeted  to  an  iiqralsive 
loading  test  vas  expected  to  delaminate  since  the  direction  of  stress 
vave  propagation  vas  perpendicular  to  the  layers.  Such  delemination 
is  visually  apparent  after  severe  ii^ulse  loading  teats  (Figure  5)  end 
is  reflected  in  spallation  and  complete  del8adnati<m  of  the  specimen. 
After  less  severe  tests,  some  delasisati<»i  may  be  seen  at  the  apeciamn 
edges  and  sectioning  can  reveal  delamisations  vithin  the  specimen. 

The  multidirectionel  coetposite  vith  the  full-angled  construction 
vlU  not  delaminate  in  the  same  sense  as  the  tvo-directional  lasilna- 
ted  composite.  Bather,  internal  changes  such  as  micro-cracking  or 
crazing  of  the  resin  matrix  might  be  expected. 

The  assessment  of  material  changes  due  to  impulse  loading  has  at 
present  been  accomplished  primarily  by  visual  examination.  Hovever, 
this  technique  has  not  been  capsble  of  completely  assessing  and  quan- 
titlzing  the  changes  vithin  the  material.  Visual  exmiinati<»  of  the 
surface  or  microstructure  is  a  subjective  assessment  dependent  on  the 
individual  performing  the  examination  and  it  is  not  always  clear  if 
all  material  changes  can  be  detected  by  visual  exmzinationt 

Nondestructive  analysis  msy  be  applied  to  the  evaluation  of 
plate  slap  specimens  to  provide  a  means  of  detecting  and  qusntiti- 
zing  material  changes.  The  changes  occurring  due  to  plate  slap 
testing  in  the  tvo-  and  multidirectional  eoiposite  specimens  are 


expected  to  effect  ultraB<»iic  vare  propagation,  anall  cracks,  crazed 
resin,  and  delasinations  cause  the  material  to  be  a  disecmtinuous 
medium  which  viU  inhibit  the  transmittance  of  ultrasonic  waves. 
Therefore,  the  longitudinal  wave  velocity  is  expected  to  decrease 
and  the  acoustic  attenxwtion  to  increase  in  a  tested  plate  slap 
specimen. 

Ch&jsges  in  fiber  orientation  or  veavixig  geometry  due  to  impulse 
testing  Slight  be  revealed  by  X-ray  radiography.  This  technique  has 
been  successfully  used  at  MDAC-WD  to  study  weaving  irregularities  in 
woven  em^sites.  Therefore,  to  aid  in  the  quantitization  of  these 
changes,  three  nondestructive  techniques,  aicoastie  velocity,  attenu¬ 
ation  C-sean  mapplmg  and  X-ray  radiography,  were  applied  before  and 
after  intact  testing. 

k  pulse-echo  technique  idxieh  qperatee  on  the  principal  of 
reflecting  ultrasonic  waves  from  a  discrete  discontinuity  within 
a  material  was  used  in  the  pre-test  evaluati<m  of  the  two-directional 
eoaqjoaites.  specimens  to  detect  delaminations  and  other  discrete 
defeets^*^.  The  equipment  used  (Figure  6)  utilized  an  Alden  hot 
wire  recorder  to  provide  C-scan  maps  of  the  specimens.  This  techni¬ 
que  could  not  be  ^tplied  to  the  post  test  evaluation  due  to  the  high 
attenuation  of  the  two  directional  laminate  and  multidirectional 
composite  specimens  after  intact  testing.  A  highly  attenuating 
material  will  significantly  reduce  the  strength  of  the  reflected  signal 
to  the  point  of  reducing  the  effectiveness  of  the  pulse  echo  technique. 

The  aeoustlc  attenuation  or  loss  of  signal  strength  through  a  »  h 
material  was  measured  by  a  through  transmission  technique  Figure  ir*  . 
Attenuation  (expressed  in  units  of  decibels)  is  defined  as  the  logarithm 
of  the  ratio  of  input  to  output  vover  where  power  can  be  expressed  as 
impedance  times  voltage  squared^  Thus,  the  attenuation  A  of  a 
specimen  is  given  by  ® 


®1^ 

A  =  -  10  log 

z  V 
2  28 


and  the  attenxiatlaa  of  the  specimen-free  water  path  is  given  by 


A^  -  -  10  log 
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where 


z^,  Z2  are  the  impedances  of  the  inpxxt  and  output  networks, 
respectively. 

T^,  Vg  are  the  input  and  output  voltages  of  the  transmitting 
and  receiving  transducers,  respectively. 


This  through  transmission  technique  measures  the  difference  in  these 
two  attenuations: 


A  -  A  -  -  20  log  ~ 
*  ^  2s 


This  equation  shows  that  attenuati<m  measured  hjr  this  technique  is 
Indespendent  of  the  type  of  apparatus  used  and  of  the  impedances  of 
the  transmitting  and  receiTing  circuits.  The  impedances  of  the  re¬ 
ceiving  network  components  must  he  matched,  since  r«.'f lections  occur, 
due  to  impedance  mismatch  which  cause  nonlinear  attenuation  losses' . 

The  measured  attenuation,  using  the  calibrated  attenxiator,  is  the 
attenuation  of  the  specimen  since  the  attenuation  of  the  water  is 
negligible  ( .002  db/cm) . 

The  through  transmission  technique  was  used  for  attenuation 
measurements  because  the  materials  vmder  st\>dy  possess  a  high  atten- 
tiation  level  after  plate  slap  tests  prohibiting  the  use  of  pulse- 
echo  techniques.  The  equiisnent  \xsed  to  meastu’e  and  record  the 
acoustic  attenuatitm  is  shown  in  Figure  7.  An  increase  or  decrease 
in  the  attenuati<m  of  the  energy  passing  through  the  specimen  was 
indicated  by  the  changing  aaplitxide  of  the  displayed  signal.  Using 
the  decibel  attentiator,  specific  levels  of  attenuaticn  were  recorded 
with  the  writing  cttrrent  for  the  Alden  hot  wire  C-scan  recorder  being 
switched  on  or  off  by  the  signal  height.  The  sensitivity  of  this 
on-off  writing  is  less  than  1  db.  Specific  decibel  losses  were  mea¬ 
sured  throui^  each  specimen  at  frequencies  ranging  frost  0,3  HHz  to 
2,3  MHz  to  deteznine  the  frequency  dependence  of  attenuation  for  the 
resin  matrix  conqiosites^. 

During  the  course  of  the  program  it  was  found  necessary  to  study 
several  factors  affecting  the  accuracy  and  repeatibility  of  the  C- 
scan  maps  of  the  specimens.  An  initial  stu£^  was  undertaken  to  de¬ 
termine  the  effects  of  flat  and  foctiaed  transducers  on  the  through 
transmission  technique.  This  was  acconplished  by  making  separate 
C-scan  maps  on  (me  specimen  with  a  flat  axid  then  fo<msed  transmitter. 
Also  studied  were  edge  effects,  identified  by  making  C-scan  maps  at 
different  attenuaticm  levels  on  the  same  specimen. 

The  longitudinal  wave  velocity  was  measured  by  a  through  trans¬ 
mission  technique  employing  two  transducers  in  direct  contact  with 
the  specimens,  using  glycerin  as  the  couplant  (Figure  8)2*5 »9^  The 
pulse  traveling  through  the  specimen  was  detected  by  the  receiving 
transducer  and  ccaqsared  to  an  undelayed  pulse  idiich  triggered  the 
scope.  The  difference  in  these  two  timcw,  as  measured  at  the  initial 
frequency  cycle  of  the  pulse,  was  the  tine  required  for  the  vavefr<mt 
to  traverse  the  specimen.  Due  to  the  high  attenuation  o*  the  specimen 
and  the  frequency  dependence  of  attenuation,  velocity  measurements  were 
made  at  one  relatively  lew  frequency,  0.5  MHz. 


All  X-ragr  radiographs  vere  taken  vith  a  Penetrex  ^0  kv  ecmstant 
potential  berxlUiiB  vindov  unit.  While  ea^sures  varied  slightly 
hetveen  the  laainated  and  aultidireetioxutl  cooposites,  the  aost 
cooKOD  parasetera  vere  50  kr  at  10  na  for  tvo  ainutes  vith  a  fila- 
to>souree  distance  of  2k  inches.  All  film  (Kokak  M  Redipak)  vas 
woceased  tmder  the  same  conditions  through  autanatic  equipount 
(Kodak  Industrial  X-Qmat). 


RESULTS  AID  DISCUSSIQB 
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Ultras(xiie  velocity  measurements  conducted  on  pre-  and  post-test 
plate  slap  specimens  of  tvo  directional  and  multidirectional  quartz- 
phenolic  composites  are  given  in  Tables  1  and  2.  Evident  is  a  signi¬ 
ficant  decrease  in  acoustic  velocity  as  a  result  of  |a.ate  slap  testing. 
Also  in  Table  2  is  the  pre-  and  post-test  attenuation  of  the  milti- 
dlrectional  cooqnsite,  vhieh  shows  a  large  increase  in  the  attenuation 
of  the  eoiQKMite  due  to  plate  slap  testing. 

The  X-ray  radiographs  of  selected  multidirectional  plate  slap 
specimens  (Figure  9)  show  little  change  in  the  pre-  and  post-test 
si>eeinens.  Weave  irregularities  present  in  the  tmtested  material 
seem  to  be  unchanged  in  the  tested  material  and  in  general,  the  regu¬ 
lar  veave  pattern  does  not  seem  to  be  altered. 

Throucdi  transmission  attenuation  C-scan  maps  (Figure  10)  vere 
made  for  the  imtested  and  tested  tvo  direeticmal  composite.  !Ibe 
dazic  areas  correspond  to  regi<ms  of  the  specimens  which  a::'e  i«>re 
attenuating.  The  attenuation  recording  level  is  greater  for  the 
tested  material,  again  shoving  the  large  increase  in  attenuation 
due  to  plate  slap  testing.  The  C-scan  maps  are  excellent  for  out¬ 
lining  the  areas  of  greater  material  change  in  the  tested  specimens. 
The  location  of  material  change  as  a  result  of  the  plate  slap  test 
can  indicate  how  the  material  vas  affected  and  hov  xmiformly  the 
material  resp<mded  to  impulsive  loading. 

The  attenuation  of  the  multidirectional  quartz  phenolic  composite 
vas  found  to  be  frequency  dependent.  For  the  untested  material,  the 
attenuatimi  increased  from  15  db  to  36  db  for  an  Increase  in  frequency 
from  0.5  MHz  to  2.25  MHz.  All  C-scan  maps  shown  in  this  paper  vere 
made  using  a  frequency  of  1.0  MHz. 

The  outlining  of  the  untested  specimen  on  the  attenuation 
C-scan  maps  in  Figvire  10  is  due  to  edge  effects.  At  low  attenuation 
levels,  scattering  of  the  ultrasonic  wave  by  the  edges  decreases  the 
intensity  of  the  received  signal  and  the  apparatus  records  this  loss 
in  signal  strength  as  an  increase  in  attenuation  (dark  ares  on 
C-scan  map).  At  higher  attenuation  levels,  this  scattering  does  not 
significantly  affect  the  strength  of  the  received  signal  and  otxtlin- 
ing  does  not  occur. 


Figure  11  shows  an  example  of  pre->  and  post-test  C-eean  maps 
for  the  multidirectional  composite.  The  attenuation  level  is 
greater  for  the  tested  material  and  the  area  of  greater  material 
change  is  outlined  as  for  the  tvo-directional  ccoposite.  C-scan 
maps  were  made  at  different  attenuation  levels  (Figure  12)  for  the 
tested  multidirectional  c(»tposlte.  This  figure  shows  that  the 
attenuation  varies  aaong  the  specimens  and  that  the  material  change 
is  greater  in  the  center  region  of  the  specimen. 

The  above  C-scan  maps  were  all  made  using  a  3/U-inch  diameter 
flat  transmitting  transducer  and  a  3/8-inch  diameter  flat  receiver. 

The  use  of  a  focused  transmitting  transducer  was  investigated  and 
found  to  provide  excellent  C-scan  maps.  A  1  inch  diameter  focused 
transducer  with  a  3-inch  focal  length  was  focused  on  the  back  sur¬ 
face  of  the  specimen.  The  effect  of  this  focused  transducer  versus 
a  flat  transducer  on  attenuation  C-scan  mapping  is  shown  in  Figure 
13.  The  outlining  of  the  higher  atten\iating  areas  is  more  distinct 
and  exact  with  the  focused  transducer. 

The  limitation  of  visual  examination  as  a  method  for  the  assess¬ 
ment  of  material  change  is  illustrated  in  Figure  1^.  The  i^otographs 
of  the  impacted  side  of  the  three  plate  slap  specimens  indicate  a 
large  difference  between  the  specimens  where  as  the  corresponding 
attenuation  and  velocity  measurerients  do  not  indicate  that  there  is 
a  difference  among  the  specimens.  The  relative  material  change,  as 
measured  by  the  attenuation  and  velocity  techniques,  is  approximately 
the  same  for  each  specimen.  The  attenuation  and  velocity  measurements 
show  that  there  is  internal  material  change  due  to  plate  slap  testing 
idiich  is  not  apparent  and  can  net  be  quantitized  by  visual  examination. 

londestruetive  analysis  may  provide  a  quantitive  assessment  of 
material  change  as  a  result  of  plate  slap  testing.  The  relati(»ships 
between  acoustic  velocity  and  a  plate  slap  test  parameter  for  the  two- 
dlrectior.al  and  multidirectional  composites  are  given  in  Figures  1^ 
and  l6,  respectively.  These  graphs  show  that  for  an  increase  in  im¬ 
pulsive  loading,  the  change  in  pre-  and  post-test  velocity  decreases. 
This  decrease  in  velocity  indicates  a  greater  degree  of  material 
change  associated  with  increasing  impulsive  loading. 

Similar  relationships  exist  between  attenuation  and  the  plate 
slap  test  parameter  for  both  the  coBq>osites  (Figures  17  and  18). 

These  graphs  show  that  for  an  increase  in  impulsive  loading,  the  . 
attenuatiem  of  the  tested  material  increases ,  inalcsting  a  change 
in  the  properties  of  the  material. 


C(»CLtJSI(atS  AHD  BECOHMS1IDATIOH8 


HoadestrRctiT^  «naly8i8  can  be  used  to  assess  aaterial  changes 
resialting  tr<m  plate  slap  testing  of  resin  Matrix  composites.  The 
acoostic  Telocity  decreased  and  the  attenuaticm  increased  between 
untested  and  tested  aaterial.  For  increasing  lerels  of  iapaet,  the 
acoustic  Telocity  of  the  tested  aaterial  decreased  and  the  attenua¬ 
tion  increased.  X-ray  radiography  did  not  indicate  aiqr  tiaterial 
changes. 

Further  voA  is  reiuired  ott  the  application  and  dcTelopaent  of 
amdestruetiTe  techniques  for  the  assessaent  of  aaterial  change. 

The  use  of  focused  transducers  as  both  transaitter  and  reeeiTer  and 
the  use  of  saaller  disaeter  flat  reeei''erB  for  attenuation  C-sean 
Mapping  Bust  be  iUTestigated.  Mechanical  testing  and  aicrostrue- 
txiral  exaadnatitax  of  aaterial  subjected  to  iapact  testing  and  non- 
destruetiTe  analysis  needs  to  be  eoapleted.  To  accurately  define 
the  effect  of  aaterial  change  <m  attenuation  and  Telocity,  a  study 
it  required  to  relate  these  aeasuresents  to  touile  and  coapressiTe 
percent  strain-to-f allure.  Also,  by  selected  aaterial  reaoral,  at¬ 
tenuation  aeasureaenta  need  be  aade  on  an  impact  tested  speciaen  to 
detexaine  the  thromd^-thickness  gradient  of  aaterial  change. 

This  voA  it  planned  or  curroxtly  in  progress  at  MDAC-HD  as 
part  of  a  continuing  prograa  to  relate  nondestmctiTe  analysis  and 
aechanical  testing  to  aaterial  change  ax^  plate  slap  test  paraaeters. 


ACXMCWlgXaMEgTS 


The  fabrication  and  the  i3m>act  testing  of  the  tvo-directional 
coaposite  was  accomplished  under  an  Air  Force  Materials  Laboratory 
contract  (Ho.  F336l5-68-C-llHl»,  Project  Ho.  PR  8M  SOSck),  A  Critical 
Bralttsticm  of  Plate-Slap  Technology.  The  Multidirectional  composite 
fabrication  and  iapact  testing  was  accoaq>lisbed  under  a  SAMSO  con¬ 
tract  (Ho.  AFOU  (69U)  -  953,  Task  3),  Re-entry  Systesis  Enrironaental 
Protectioa.  The  nondestmctiTe  analysis  was  perfoxaed  under 
McD(amell  Douglas  Astronautics  Coapany  -  Western  Diwision  Independent 
Research  and  Derdopaent  Prograa. 
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ABSTRACT 


VARIAHT  PROPERTIES  OF  CCHPOSETE  MATERIALS 
J.  R.  Zurbridc* 


We  have  foimd  that  the  versus  pol^  angle  {0  )  relationship  provides 

the  true  value  for  isotropic  modulus  (E)  for  the  particular  laminate  being 
evaluated,  and  this  value,  in  turn,  is  the  key  to  linking  micrcmechanies 
theory  to  practical,  real  reinforced  plastics  materials.  The  rapidly-obtained 
quantitative  HDT  response  values  frcsa  ultrasonic  velocity  (Vj,)  and  gamma 
radiometric  densily  (  p )  measurements  provide  the  necessary  infonoation 
for  calculating  16  pieces  of  information  ^Aich  provide  a  practically  complete 
elastic  property  characterization  of  the  laminate.  This  has  been  accompl5.shed 
by  solving  the  existing  micromecbanics  equations  together,  and  simplifying 
them  to  obtain  an  equation  for  predicting  the  theoretical  BKTdulus  (Eg)  versus 
polar  an^e  (6)  relationship.  Sixty  relationships  have  been  developed,  and  25 
of  them  have  been  reported  covering  six  completely  different  resin  ^sterns, 
(epoxy,  phenolic,  polybenzlmldazole,  polyimide,  i>olyester,  and  silicone)  and 
Urree  reinforcements,  181-slyle  E-glass  fabric,  Thornel  40  fiber,  and  boron 
filament.  One  particularly  exciting  outcome  of  this  data  correlation  and 
analysis  has  been  the  aMUly  to  calculate  "Uie  reinforcing  fiber  effective 
elastic  modulus  as  itiezists  in  the  finished  laminate.  The  calculated  isotropic 
shear  modulus  value,  Ii,  and  across-fiber  single  ply  stiffhess,  2^^,  appear  to 
reflect  the  influences  of  porosity  contact  and  location,  and  interfacial  bonding. 
More  study  is  currently  uxuieruay  to  confirm  this. 


mTROIHJCTlOH 


Whatever  the  scientific  discipline,  technological  specialty,  or 
business  viewpoint,  those  concerned  today  with  composite  materials 
know  the  sting  of  a  seemingly  irreducible  pi-oblem;  testing  of 
practical,  real  composite  materials  for  meaningful  design  properties. 

Out  from  a  rather  remote  and  little-understood,  perhaps  misunderstood, 
comer  of  technology  has  ccaie  the  long-sought-after  solution.  That 
technology  is  nondestructive  testing,  and  the  solution  it  offers 
is  the  subject  of  this  paper. 

We  began  four  years  ago  to  apply  the  probing  energy  forms  used  in 
nondestructive  testing  for  the  purposes  of  quantitatively  measuring 
inherent  variability  within  and  between  reinforced  plastic  laminates. 

The  work  was  sponsored  ly  the  Air  Force  Materials  Laboratory,  Metals  and 
Ceramics  Division,  who  had  the  desire  and  foresight  to  fund  such  an 
approach.  As  the  work  progressed,  ultrasonic  velocity  (T^)  measure¬ 
ments  and  gamma  radiation  absorption  measurements  began  to  show  trends 
and  correlations  with  elastic  properties,  sometimes  vdUi  ultimate 
properties,  and  with  component  volume  fractions  and  density  (P).  From 
the  overview  there  appeared  a  "thread  of  continuity"  among  all  fiber 
reinforced  cmposites  but  the  puzzle  was  never  «}uite  complete  for  any 
one  ccaaposite  system  or  family. 

Frcan  among  the  analytical  approaches  the  viewpoint  of  micrcaaechanics 
appeared  to  hold  the  most  promise,  although  no  provision  for  porosity 
effects  or  other  abnormalities  were  accounted  for  in  the  modeling. 
Pbrosity,  its  location  and  orientation  were  identified  as  the  primary 
degradant  of  the  properties  supplied  ly  fiber  and  matrix.  It  became 
apparent  that  the  problem  must  be  solved  as  a  unit;  that  solving  one 
small  portion  at  a  time  on^  deepens  the  confusion. 

The  joining  of  recent  revelations  in  micromechanics  theory  with 
quantitative  nondestructive  test  results  brought  forth  the  total 
solution,  at  least  for  elastic  properties. 

Modulus  as  a  Phnction  of  Folar  Angle 

The  elastic  properties  —  modulus  of  elasticity  in  tension  and  compression 
(E),  shear  modulus  (G),  and  Poisson’s  ratio  (<r)  —  of  advanced  plastic 
ccsnposites  are  important  in  the  design  of  structural,  load-bearing 
components  produced  from  these  materials,  ihe  beneficial  anisotTOpic 
character  of  fiber  reinforced  plastics  requires,  however,  a  new  set  of 
constituitive  equations,  other  than  those  used  to  describe  the  elastic 
propeirties  of  isotropic  materials. 

The  microsaechanics  discipline  has  developed  the  theory,  throu^  tensor 
analysis,  for  idoitif^ying  elastic  properties  in  terms  of  some  fiber 
orientation,  usually  that  of  a  surface  fiber  (O-degree  orientation). 
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Theories  and  relationships  developed  through  micromechanics  provide  a 
general  xmderstanding  of  the  polar  angle  versus  tensile/compressive 
elastic  pcduli,  shear  modulus,  and  Poisson’s  ratio.  A  case  in  point 
is  shotm  in  Figures  1,  2  and  3  for  fiber  and  matrix  properties  approximating 
those  of  a  boron/epoxy  laminate  containing  a  boron  volume  fraction  of 
0.65  (References  1  and  2).  The  three  plots  cover  crossply  ratio  (m)  of 
m  =  0  (90  degrees  unidirectional),  m  =  1  (balanced  orthogonal),  and 
m  =  3  (unbalanced  orthogonal  where  75  percent  of  the  filaments  are  aligned 
in  the  0-degree  direction).  Other  relationships  cover  the  case  of  off-axis 
(non  0-  to  90-degree  orientations)  at  some  angle 'X to  the  0-degree  axis. 

One  of  the  major  barriers  to  applying  these  micromechmics  theories  to  real 
laminates  fabricated  by  people  using  various  processing  techniques  and 
conditions  has  been  a  great  lack  of  experimental  isotropic  modulus  veilues, 
which  fulfill  the  needs  of  micromechanics  theoretical  equations  and  allow  the 
necessary  calculations.  The  theoretical  calculations  can  be  made  using  assumed 
values,  but  the  supporting  real  laminate  values  rarely  agree  with  them,  due  to 
the  problem  of  producing  an  ’'ideal”  laminate. in  f&ct.  The  expense  of  developing 
a  reasonably  complete  set  of  supporting  test  data  for  even  one  case  is  enormous. 

These  questions,  then,  have  been  widely  heard:  ”Are  the  micromechanics 
theories  and  equations  unrealistically  ideal?  Are  the  laminate  producers 
capable  of  fabricating  truly  designable  reinforced  plastics  composite 
materials?"  The  following  discussion  proposes  to  answer  firmly  these 
questions  by  showing  that  the  link  between  micromechanics  theory  and 
actual  laminate  practice  lies  in  the  realm  of  nondestructive  testing, 
and  that  the  proper  application  of  ultrasonic  and  gamma  radiometric 
techniques  allow  the  calculation  of  a  real  laminate's  theoretical  and 
actual  elastic  properties,  for  comparison  and  understanding.  It  will  be 
shown  that  the  micromechanics  theories  and  equations  are  not  unrealistically 
ideeQ.  and  that  reinforced  plastics  are  truly  designable  materials. 

THEORETICAL  BASIS 


Efforts  over  the  past  few  years  to  bring  micromechanical  theories  and 
relationships  into  practical  focus  have  been  aimed  toward  seeking  realistic 
values  for  the  isotropic  stiffness  (E)  and  shear  rigidity  (G)  values  for 
a  composite  system  of  interest.  These  values  are  the  axes  around  which  the 
cosine  and  siiie  functions  oscillate  in  the  micromechanical  predictive 
equations  of  modulus  versus  polar  angle.  The  isotropic  modulus  value 
"pegs”  the  polar  function,  and  if  not  properly  chosen,  there  occurs  a 
large  disagreement  between  the  thoery  and  practical  destructively-obtained 
modulus  values  for  a  real  laminate .  The  isotropic  modulus  can  be  computed 
from  moduli  obtained  with  a  number  of  specimens  cut  at  equal  intervals  of 
angle,  by  taking  the  simple  average.  Because  of  the  sinusoidal  nature  of 
the  relationship,  this  operation  requires  at  least  18,  (lO-degree  intervals) 
and  preferentially  36  (5-degree  Intervals)  specimens  from  a  single  panel. 
George  Lubin  and  W.  C.  Tappe  of  Grumman  have  performed  this  tedious, 
expensive,  and  time-consuming  operation  for  a  few  glass  fabric  laminates 
(Reference  3).  Unfortionately,  the  panels  were  consumed  in  the  process, 
and  there  is  no  assurance  that  those  values  would  apply  to  the  next  laminate. 


A*h  /h,  lO'^tt 


c 

17.4 

s 

S.96 

a  12 

a2s 

P 

2..M69 

Vr 

0.6S 

Vm 

0.3S 

Vp 

0 

ELASTIC  MI(»EKTY 
CHAKACTERIZATION 


ALL  MODULI, idpti 

THEORETICAL  BALAMCEO 
(Tsai  .Thomas, Pogona) 


S0% 

F*0 

50% 

m 

1 

Ell 

40.0 

Est 

3.64 

Ef 

61.30 

Em 

0.5 

30| 


7“! — 1 — 1 — r 

“1 - 1 - ! - 1 — 

— 1 — 1 — 1 — r 

“1 — 1 — i — rz 

- 

" 

— 

-  \ 

/ 

/  _ 

: 

- 

- 

- 

- 

1-i — 1 _ 1 _ L 

_l _ 1 _ 1 _ 1 _ 

— 1 — 1 _ 1 _ L 

_ 1 _ 1 _ 

20 


1C* 


7a-tt7S 


10  20  so  40  so  eo  70  90  SO  no  no  120  130  MO  ISO  160  170  ISO 

POLAR  ANGLE  .♦,4s«rass 

Fljur.  2  THEORETICAL  CURVE  FOR  MODULUS  AS  A  FUNCTION  OF  POUR  ANGLE 
IN  A  BAUNCED  0“-90'’  UMINATE 


-4- 


ELASTIC  PROPERTY 
CHARACTERIZATION 


ALL  MODULI, IO*p«> 

THEORETICAL  UNBALANCED 
(TmI,  Thomo*,Pogoflo} 


*13 

75% 

25% 

m 

3 

Ell 

40.00 

Eaa 

3.84 

Bi 

61.30 

Bl 

0.50 

Flj«t«3  THEORETICAL  CURVE  FOR  MODULUS  AS  A  FUNCTION  OF  POLAR  ANGLE 
IN  AN  UNBALANCED  0-90  LAMINATE 


In  lieu  of  the  destructive  test  approach,  Tsai  and  Thomas  (Reference  1) 
have  proposed  the  following  approximations: 


E 

(1) 

G  =  1  B,-,  +  1  E55 

8  4 

(2) 

where 

is  the  single-ply  stiffhess  in  the  fiber  axis  direction,  and 
E22  is  the  single-ply  stiffness  in  the  direction  across  the  fiber  axis. 

The  value  may  be  calculated  from  the  law  of  mixtures: 

En-VpEp  +  %%  (3) 

where 

Vp  =  volume  fraction  fiber  (glass  or  graphite,  for  example) 

%  =  volume  fraction  resin  (epoxy,  polyimide,  etc.) 

Ef  =  modulus  of  elasticity  of  the  fiber 

^  =  modulus  of  elasticity  of  the  cured  resin. 

The  calculation  of  is  more  difficult,  especially  for  a  value  matched 
to  a  specific  laminate,  and  this  becomes  a  beunder  point.  Assumed  values 
result  in  :inde8irable  errors. 

Reported  experience  at  Avco/SSD  has  shown  that  the  term  for  ultrasonic 

velocity  values  taken  in  the  ply-plane  direction  is  related,  through  Poisson’s 
ratio,  to  modulus  of  elasticity.  Therefore,  values  taken  at  5-degree 

intervals  around  a  disc  cut  from  a  real  laminate  cotild  be  averaged  to 
obtain  the  desired  isotropic  modxilus  value: 


:diere 

P  =  the  density  of  the  disc 

Vj^  =  ply-plane  longitudinal  wave  velocity  at  1  MHz 
n  =  the  number  of  ^  values  summed  (36  for  5-degree  intervals) 

2 

Dp  to  this  point  we  are  assianing  that,  in  any  polar  direction,  %  and  (Vj,)  0 
are  values  linked  to  tlie  same  materials  entities,  and  are  therefore  linked 
by  a  constant  (C  f  lc")  =  0.0124)  to  each  other. 
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Armed  vith  a  real  laminate  value  for  E  obtained  from  nondestrijctive  tests, 
we  were  then  in  a  position  to  reexamine  the  micromechanics  predictive 
equations  for  a  method  of  calculating  the  theoretical  versus  0 
relationship  for  any  given  real  fabricated  laminate. 

The  recent  AFML  report  and  book  chapter  on  "Invariant  Properties  of  Composite 
Materials"  by  Tsai  and  Fagano  served  as  ‘che  guide  for  the  following  derivations 
(Reference  2).  The  curves  shown  in  Figures  1,  2  and  3  had  been  obtained 
by  Tsai,  Thomas,  and  Pagano  using: 

A^/h  =  ^2  40  (9) 

vdiere: 

=  constant  in  Qij  transformation  equation 

U2  =  coefficient  of  cos  20  term  in  transformation  equation 

=  coefficient  of  cos  40  term  in  transformation  eqtiation 

=  reduced  stiffness  for  bodies  under  plane  stress;  the  prime 
connotes  at  a  polar  angle 

A^  =  elastic  constant  of  laminated  composite;  the  prime  connotes 
at  a  polar  angle 

h  =  thickness  of  laminated  composite 
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.1,  •'littii'  •  liliiiw  (iiiM 


as  simplified  according  to  the  foUovdng; 
Ui  =  E 

^2=  On  -  022  ^  ^  21  ~  hz 


O3  =  +  922  “  2Qi2  -  4066 


buty  for  a  coupling  function  of  constituent  stiffhess  ratio  and  fiber  volume 
fraction  {p  )  equal  to  1  and  for  a  Poisson's  ratio  {^"22)  0*^5  (value 

produced  in  NDT  is  0.23),  we  can  substitute: 

066=  0i2  =  3/8^%2  <33) 


and  reduce  to 


U3  Ell  +  E22  (1  -  2<ri2  -  3/2) 
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U3  =  Bu  -  %2  [1/2  +  2  (0.25)] 


^3  ~  %1  "  %2 


FlnaUy  by  taking 

%  =  ^11 


and  substituting,  we  obtain  the  useful  form  of  the  predictive  equation: 
=  E  +  Vos  20  +/5ilf^L_]cos  40 

V  ^  Z  \  ®  /  (19) 


It  can  be  further  simplified  by  remembering  the  approximation: 
E  =  3/8%i  +  5/8  E^2 


(21) 


Egg  =  I  E  -  I  % 

5  5 


giving  us 

%  =  E  +  0.8  (E^  -  E)  cos  20  +  0.2(Eii  -  E)  cos  4®  (22) 

This  equation  requires  only  two  experimentally  detenclned  values  for  its 
solution,  E]2  and  E.  The  rule  of  mixtures  produces  Ejj^,  from  component 
volume  fraction  values  that  can  be  determined  nondestructively  throu^ 
gamma  radiometry  or  means  of  a  gravimetric  resin  bum-out  procedure. 

The  nondestructive  ultrasonic  through-transmission  technique  for 
longitudinal  wave  velocity  produces  the  E  value.  The  cosine  functions 
may  be  found  in  trigonometric  tables. 

Equation  22  is  actually  not  complete  for  the  general  laminate  case,  as 
it  was  derived  for  only  the  case  of  a  unidirectional  laminate  where 
ICX)  percent  of  the  fibers  lie  in  the  0-degree  orientation  direction. 

The  crossply  ratio  term: 

m  =  Thielfneas  of  Lavers  in  O-degree  Direction  (23) 

Thickness  of  Layers  in  90-degree  Direction 

has  been  used  in  micrcmechanics  to  identify  the  cases  of  balanced  (O  -90  ) 
degree  laminates  and  unbedanced  laminates. 

No  mention,  however,  is  made  of  its  influence  as  a  modifier  of  Equation 
22.  The  derivation  of  a  modifier  term  as  a  function  of  crossply  ratio 
was  necessary  to  perform  the  desired  predictive  calculations  of  Eg  from 
the  nondestructive  test  data  generated  under  the  subject  program.  That  term 
(8)  =  f  (m)  was  derived  and  has  been  named  "orthogonal  imbalance  factor." 
Noting  that  the  cos  20  term  of  Equation  22  controls  the  undirectional 
case  and  the  cos  term  controls  the  perfectly  balanced  case,  we  arrive 
at  the  most  general  form  of  the  micromechanics  theoretical  equation: 

Eg  =  E  +  0.8  «(Ejj^  -  E)  cos  20  +  0.2(Eii-E)  cos  40  (24) 

This  equation  is  applicable  to  any  and  all  2-D  orthogonally-oriented  fiber 
reinforced  cmnposite  materials. 

The  practical  use  of  Equation  24,  the  rule  of  mixtures,  nondestructively 
predicted  values  of  P  ,  Vp,  and  (T^)9,  and  handbook  values  for  Ejj 
and  £|p,  will  allow,  today,  the  complete  elastic  characterization  of  aiy 
real  laminate  as  follows: 

1.  Isotropic  Modulus  of  Elasticity,  E 

2.  Modulus  versus  0,  Theoretical,  1^ 

3.  Modulus  versus  0,  Actual, 

4.  Isotropic  9iear  ^dulus, 

5.  Poisson’s  Ratio,  <fj2 

6.  Density,  P 

7.  Volume  Fraction  Fiber,  Vp 
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8.  Volume  Fraction  Resin, 

9.  Volume  Fraction  Porosity,  Vp 

10.  Percent  Fibers  in  0®  Orioitation,  Effective,  Fq 

11.  Percent  Fibers  in  90°  Orientation,  Effective,  Fgo 

12.  Cross-Ply  Ratio,  m 

13.  Single  Ay  Stiffhess  in  Fiber  Axis  Direction,  E]j 

14.  Single  Ply  Stiffbess  in  Direction  Across  Fibers,  E22 

15.  Elastic  Modulus  of  Fiber,  Ep 

16.  Elastic  Modulus  of  Matrix,  % 


EXPERIMEMTAL  VERIFICATION 


The  approach  toward  experimented  verification  was  one  of  simply  determining 
the  (1^)0  values  at  5-  or  10-degree  intervals  on  discs  cut  from  the  laminate 
panels  produced  and  tested  under  the  subject  program.  Sixty  such  discs, 
I-I/4  inch  in  diameter,  were  cut  frcmi  tiie  181  style,  E-glass/polyimide 
and  Thomel  JiO/epo^  panels.  Similar  discs  had  been  retained  from  the 
previously  reported  programs;  and  these  181  style.  E-glass  fabric  laminates 
containing  eposgr,  {dienolic,  polyester,  polybenzimidazole,  and  silicone 
resin  systetas,  were  also  evaluated  for  the  polar  angle  relationship.  Ibis 
ctaiprlsed  a  reasonably  broad  cross  section  of  reinforced  plastics  technology 
existing  today. 

These  same  discs  were  used  for  gamma  radiometric  calibrations  and  gravi¬ 
metric  resln-bum-out  determinations. 


The  center  portion  of  polar  giai&  paper  was  bonded  to  each  disc,  the  0- 
degree  line  aligned  with  the  fabric  warp  direction,  or  the  surface  fiber 
direction  in  the  case  of  Thomel  40.  This  provided  the  angle  reference 
during  ply-plane  ultrasonic  velocity  measurements  at  a  center  frequency 
of  1.0  MHz.  a  total  of  4300  units  of  data  were  generated,  producing  over 
1200  values.  Cesaputerized  data  reduction  greatly  aided  this  study. 


experimental 

a. 

the 

b. 

the 

c. 

the 

d. 

the 

the 

e. 

the 

theoretical  equation  in  the  characterization  and  design  of  fiber 
reinforced  plastic  laminates. 


A  disc  cut  2  years  ago  frcai  a  minimum-porosity  polyester/181,  E-glass 
laminate,  3/8-in(h  thick,  provided  the  answer.  Figure  4.  This  laminate 
had  come  closest  to  approximating  the  ideal,  and  in  doing  so  positively 
proved  that  'the  nondestructive  test  aj^oach  to  characterizing  elastic 
properties  was  correct. 
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But  one  amazingly  perfect  correlation  was  not  considered  to  have  described 
the  situation  with  "non-ideal"  laminates,  those  which 

a.  contain  porosity,  micro  or  macro, 

b.  were  improperly  laid  up: 

1.  fabric  placed  warp  to  fill 

2.  improper  fabric  nesting 

3.  twisted  or  distorted  fabric 

4«  resin  rich  interlayers. 

c.  were  over-"B" -staged, 

d.  were  improperly  cured, 

e.  contained  a  sizeable  degree  of  orthogonal  unbalance,  and 

f.  contained  gross  defects. 

Nor  does  the  polyester  case  relate  directly  to  destructively-deteimined 
mechanical  test  values. 

Lubin  and  Tappe  (Reference  3)  provided  the  link  to  destructive  test  values, 
which  serve  as  the  referee  in  the  cta&parison. 

The  versus  6  plot  from  36  angle-cut  tensile  specimens  is  shown,  with  the 
theoretical  prediction,  in  Figure  5,  for  a  181  style,  £-glass/epozy  laminate. 
Ihe  ultimate  properties  ere  shown  also  in  Figure  6,  to  exhibit  the 
similarity  in  the  BTSe  versus  6  relationship.  Compare  Figure  5,  then,  with 
^  versus  9  predictions  based  on  nondestructive  test  data  for  a  mini  mum 
porosity,  181  style.  E-glass  fabric/epoocy  laminate  prepared  at  Avco/SSD, 
Figure  7.  Ihe  destnictively-det^miined  modulus  values  from  tensile  and 
flexure  bars,  cut  close  to  the  R-16  disc,  provided  hi^  values  of  ^o 
and  ^qo  as  predicted  in  this  figure. 

To  relate  to  the  current  program,  plots  for  the  181,  E-glass/Quantad  159, 
Figure  8,  181,  E-gla8s/PI-2501  system.  Figure  9,  and  for  the  Thomel 
40/epoxy  eystw.  Figure  10,  were  prepared.  In  Figures  9  and  10, 
significant  values  of  orthogonal  unbalance  factor  were  indicated. 

Note  that  each  graj^  contains  all  16  of  the  elastic  characterization 
values. 

Other  polyimide  resin  systems,  porosity  situations,  and  layup  error 
responses  are  presented  with  brief  cosmentary  in  18  additional  grains. 
Besides  these  we  have  developed  40  more  such  plots  which  exhibited 
very  similar  correlations.  These  have  not  been  published  in  the 
interest  of  brevity. 

ELASne  PROPERTT  CHARACTERIZATIONS 

Elastic  property  characterizations  for  representative  discs  cut  frcmi 
18  different  lamicates  are  presented.  Five  types  of  resin,  ei^t  resin 
systaas,  and  two  reinforcements  were  covered  in  this  woric.  Ihe  brief 
(xmmentary  for  each  fig<ge  discusses  the  salient  materials  influences 
exhibited  in  the  (Vi,)2gr  versus  0  relationships. 
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Figur.  7  MODULUS  VERSUS  POUR  ANGLE  FOR  AN  AVCO-PRODUCED,  181 , 
E-GUSS  FABRIC  EPOXY  UMINATE 


Figur*  10  MODULUS  VERSUS  POLAR  ANGLE  FOR  A  THORNEL  40/EPOXY  LAMINATE 


1  Figure  11  —  181,  E-glaas/epoxy  (Z849-41  R-13) 


A  close  correlation  between  HDT  experimental  vedues  and  the 
micromechanical  prediction  is  shown.  The  off-axis  maximum  and 
minimum  values  of  5  to  7  degrees  experienced  were  a  direct  result 
of  between-ply  macroporosity  as  it  interacted  with  the  epo:Qr 
resin  matrix. 

2.  Figure  12  —  181,  E-glass/epoxy  (D900-5  R-l?) 

Both  the  off-axis  shift  and  deviation  in  the  second-quadrant  minimum 
from  theoretical  were  shown.  SLi^t  between-ply  macroporosity 
caused  the  5-  to  10-degree  shift,  while  a  slight  within-strand 
microporosity  contributed  the  deviation  (Reference  4 ) .  The  one-lobe 
appearance  suggests  that  the  "fill**  strands  contained  the  needle¬ 
like  poro-jity. 

3.  Figure  13  —  181,  E-glass/phenoHc  {D900-11C  R-14) 

An  extremely  close  fit  between  theory  and  experience  was  shown. 

This  was  particularly  interesting  because  it  involved  a  crossply 
ratio  considerably  less  than  1.0.  Porosity  in  this  phenolic  laminate 
was  entirely  within-strand  micrcporosily. 

4.  Figure  14  --  181,  E-glass/polybenzimidazole  (N-3  R-12) 

In  spite  of  severe  between-ply  macroporosity  and  slight  within-strand 
microporosity,  a  close  correlation  was  obtained.  The  between-strand 
load  transfer  capabilities  of  the  FBI  system  >diere  porosity  exists 
has  been  remarkably  high. 

5.  Figure  15  —  181,  E-glass/silicone  (D900-32  R-12) 

All  off-axis  shifts,  minimum-value  deviations,  greater-than-one 
crossply  ratio,  and  general  lack  of  correlation  were  esdiibited 
with  the  silicone  resin  system.  All  of  these  were  attributed  to 
lack  of  fibernnatrix  bond  and  ply-to-ply  cracking  in  the  resin 
matrix.  Note  the  magnitude  of  £22  <^8  ccatpared  to  £^,  relative 
to  the  previous  figures. 

6.  Figure  16  —  Thomel  40/epoxy  (i^6-74  H-2) 

Significant  orthogonal  imbalance,  as  exhibited  by  the  crossply  ratio  (m) 
values,  was  typical  of  these  materials,  even  for  the  so-called  "balanced* 
12-ply  and  4**ply  layup  systems.  Orthogonal  unbedanco  has  been 
attributed  more  to  fiber-count-per-ply  rather  than  simply  plies-i>er- 
direction  count. 

It  is  then  conceivable  that  a  perfectly  balanced  (m  =  1}  laminate  can  be 
fabricated  which  contains  an  odd  number  of  plies,  for  optimum  neutral- 
axis  shear  strength  considerations.  The  deviation  in  the  second-lobe 
minimum  fron  theory  has  been  attributed  to  0-degree  oriented  within- 
strand  mlcroporoslty. 
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7f  Figure  17  —  Thomel  40/epoxy  (486-76  R-l) 

The  shape  of  the  NDT  experimental  curve  was  as  expected  ftom 
ply-layup  considerations.  The  theoretical  ciorve  provided  a  very 
close  correlation. 

8.  Figure  18  —  Ihomel  40/epoxy  (486-81  R-l) 

Note  that  hy  odd-ply  count  a  crossply  ratio  less  than  one  should 
have  occurred  with  laminate.  The  fiber  count  per  direction 
dominated  to  produce  the  experimental  ciirve. 

9.  Figure  19  —  Thomel  40/epoxy  (ARPA  No.  1  a-3) 

This  "balanced"  panel  of  12  plies  was  considerably  unbalanced. 

The  unbalance  has  been  attributed  to  the  shear  coupling  weakness 
of  the  900  _  90®  of  neutral  axis  plies. 

10.  Figure  20  —  Thomel  40/epoxy  (ARPA  No.  2  X-2) 

A  first  attempt  at  correlation  for  this  panel,  using  a  Thomel  40 
modulus  of  elasticity  (Ep)  of  40  x  10°  psi,  was  rather  poor  . 

By  using  the  NDT  experimental  data  and  back-calculating  for  Ep,  a  \'alue 
of  48  X  10°  psi  was  obtained.  This  strongly  suggested  that  the  fiber 
used  in  fabrication  of  this  panel  was  actually  Thomel  50,  and  not 
Thomel  40  as  intended. 

11.  Figure  21  —  Thomel  40/epoxy  (ARPA  No.  3  X-2) 

This  panel  also  provided  a  poor  correlation  using  Ep  =  40  x  10^  psi. 

Back  calculation  provided  a  value  of  50.6  x  10^  psi,  again  suggesting 
the  use  of  Thomel  50  in  its  fabrication.  The  balance  in  this  panel 
is  as  expected,  indicating  that  both  ply-count  balance  and  proper 
fiber-count-per-ply  were  obtained. 

12.  Figure  22  —  181,  E-glass/polyimiue  (GH-132A  R-2) 

Elastic  modulus  values  for  the  181,  E-glass/polyimide  system  fell  below 
anticipated  values.  This  typical  situation  was  evident  here  and  in  the 
following  three  figures,  and  it  has  been  attributed  to  the  within-strand 
microporosity  as  it  interacts  with  the  brittle  resin  system.  The 
disastrous  effect  on  shear  modulus  ((I)  and  transverse-ply  stiffhess 
(E22)  is  evident  in  the  tabular  characterization.  The  crossply  ratio 
is  remarkably  greater  than  m  =  1  for  the  181  style  fabric  in  this  figure. 

13.  Figure  23  —  181,  E-glass/polyimide  (CH-132B  R-l) 

This  low-porosity,  high  resin  content  laminate  provided  a  fairly  close 
correlation  with  theory.  All  porosity  was  of  the  within-strand 
microporosity  type. 

14.  Figure  24  —  181,  E-glass/polyimide  (CH-132C  R-2) 

A  theoretical  fit  which  accounted  for  the  observed  orthogonal  unbalance 
did  not  improve  the  general  fit  situation. 
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Figur*  17  ELASTIC  PROPERTY  CHARACTERIZATION  OF  A  13-PLY 
THORNEL  40/EP0XY  UMINATE 
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Figur.  23  ELASTIC  PROPER  CHARACTERIZATION  OF  A  181.  E-CLASS 
FABRIC/QUANTAD  159  POLYIMIDE  LAMINATE 


15.  Figure  25  —  181.  E-glass/polylaide  {CH-132E  R-3) 


As  in  the  previous  figure,  the  lov  glass  content  resulted  in  a 
reduction  of  all  elastic  ooduli. 

16.  Figure  26  181,  S-glass/poljrlsdde  (CH..140  R-2) 

Cure  conditions  were  such  in  this  laainate  that  the  resin  appeared 
crazed  \dien  observed  undei’  the  nicroscope.  Obviously  this  crazing, 
or  a  0~degree  ("fUl")  orientation  to  uithin-strand  microporosity, 
or  both ,  produced  the  severe  second-lobe  deviation.  All  three 
specimens  cut  frcm  the  laminate  eadiibited  this  same  experimental 
curve  shape. 

17.  Figure  27  —  181,  E-glass/polyimide  (CH-138E  R-l) 

What  happens  when  the  fabiic  plies  are  distorted  during  batch 
prepregging?  This  is  shoun  well  for  the  Skybond  704  thexmoplastic 
polyimide  resin  system.  The  cosine  relationship  has  disappeared, 
althou^  a  theoretical  fit,  using  a  crossply  ratio  of  m  =  3-1, 
provided  a  fair  approximation. 

18.  Figure  28  —  181,  £-glass/polyimide  (CH-138E  B-2) 

In  this  example,  fabiric  ply  distortion  was  extronely  severe*  The 
distortion  could  be  easily  observed  in  radiograidis  of  the  original 
panel.  Any  attempt  at  using  the  cosine  relationship  for  a 
theoretical  fit  was  rather  useless*  A  cosine  fit  where  some  angle- 
ply  (spQ  relationship  is  factored  in  may  have  provided  a  close  fit* 

The  angle-ply  theory  from  micromechanics  will  be  investigated  in 
the  near  future.  Ihis  figure  demonstrates,  frcsa  the  positive  side, 
the  versatile  designability  of  reinforced  plastic  ccsnposite  materials, 
and  the  capability  of  nondestructive  testing  to  record  it* 

SIMlARr 


We  have  found  that  the  versus  polar  angle  (©)  relationship 

provides  the  true  value  for  isotropic  modulus  (E)  for  the  particular 
laainate  being  evaluated,  and  this  value,  in  tiim,  is  the  key  to 
UnlHwg  micromechanice  theory  to  practicai,  real  reinforced  plastics 
materials. 

The  rapidly-obtained  quantitative  HOT  response  values  from  iiltrasonic 
and  gamma  radiometric  measurements  provide  the  necessary  information 
for  calculating  16  pieces  of  information  ^Mch  provide  a  practically 
complete  elastic  property  characterization  of  the  laminate. 

This  has  been  accomplished  b7  solving  the  existing  micromechanics 
equations  together,  and  simplifying  them  to  obtain  an  equation  for 
predicting  the  theoretical  modulus  (E^)  versus  polar  angle  (6) 
relationship,  which  then  may  be  used  to  analyze  the  HDT-predicted  polar 
modulus  values. 

Sixty  relationships  have  been  developed,  and  25  of  them  have  been 
reported,  covering  six  completely  different  resin  ^sterns,  (epoxy, 
phenolic,  polybenzimidazole,  polyimide,  polyester,  and  silicone)  and 
three  reinforcements,  181-3tyle  E.^ass  fabric,  Thomel  40  fiber,  and 
boron  filament. 
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One  particularly  exciting  outcome  of  this  data  correlation  and  analysis 
has  been  the  ability  to  calculate  the  reinforcing  fiber  effective  elastic 
modulus  as  it  exists  jji  the  finished  laminate.  The  cedculated  isotropic 
shear  modulus  value,  G,  and  across-fiber  single  ply  stiffhess,  £22* 
appear  to  reflect  the  influences  of  porosity  content  and  location,  and 
interfacial  bonding.  Viore  study  is  currently  underw^  to  confirm  this. 
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ABSTRACT 


Application  of  Nondestructive  Testing  tor  Advanced  Composites 

Robert  T.  Anderson 
Thomas  J.  DeLacy 

Convair  Division  of  General  Dynamics 


The  special  radiographic  and  ultrasonic  techniques  necessary  for  testing  metal 
matrix  composites  are  described.  Approaches  to  display  and  analysis  of  ultrasonic 
and  radiographic  data  are  presented.  Real-time  filtered  video,  analog  and  digital 
computer  methods  provide  means  for  enhancing  and  diopla3dng  these  data. 

Other  nondestructive  testing  methods  which  have  been  investigated  include:  thermal 
gradient  methods  ^rared  radiometry  and  cholestric  liquid  crystal  detectors), 
eddy  cmrent  and  neutron  radiography.  The  applications  and  limitations  of  these 
methods  are  discussed. 

Methods  of  nondestructively  testing  graphite  filament  reinforced  resin  matrix  ma¬ 
terials  are  also  presented.  Microwave  and  vacuum  microradiography  methods  have 
been  ejq)lored  and  results  are  presented. 

FOREWORD 

This  paper  was  prepared  for  presentation  at  the  March  1969  AFML/Aerospace/ 
University  of  Da3rton  conference  on  NDT  of  Plastic/Composite  Structures  and  r^re- 
sents  a  summary  of  portions  of  the  following  Ck>nr'air  division  of  General  Dynamics 
programs: 

RD-l-lU-1031-911 

Bonded  Honeycomb, 

RD-1-111-1248-911 

RD-1-111-6807-170 

RD-1-111-6807-172 

RD-1-111-6906-156 


-  Nondestructive  Testii^  of  Plastic  Laminates,  Adhesive 
and  Diffusion  Bonded  Metals 

-  Nondestructive  Testing  of  Advanced  Aerospace  Materials 

-  Nondestructive  Testing  of  Metal  Matrix  Composite  Materials 

-  Nondestructive  Testing  of  Aerospace  Materials  and  Components 

-  Nondestructive  Test  Develop^uent. 


INTRODUCTION 

We  paraphrase  a  quote  of  Carlton  Hastings who  defines  a  material  as  a  collection 
of  defects.  Acceptable  material  is  an  accidental  or  organized  collection  of  defects. 
Scrap  material  is  an  unfortunate  collection  of  defects.  He  further  defines  a  defect  as 
an  imperfection,  sometimes  significant,  sometimes  irrelevant. 
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Figure  1.  Cross  section  of  50%  boron  filament  reinforced  aluminum  matrix 
composite  0. 037  inch  thick. 


These  thoughts  are  particularly  appropriate  if  one  considers  the  material  in  Figure  1. 
This  unique  material  can  possess  some  highly  desirable  properties.  For  example, 
consider  the  following  comparisons: 


Typical 

Aluminum  Alloy 

Typical 
Alloy  Steel 

6061  Aluminum- 
50%  Boron 
Composite 

Ultimate  tensile  strength 

45  ksi 

180  ksi 

180  ksi 

Yield  strength  fcr  y) 

40  ksi 

160  ksi 

180  ksi 

Young's  modulus  (E) 

10  x  10^  ksi 

30x10^  ksi 

32  x  103  ksi 

Specific  gravity 

2. 70 

7. 75 

2,70 

Specific  strength* 

410 

570 

1,840 

Specific  stiffness** 

102 

107 

327 

*Specific  strength  P 

P  = 

density  (lb. 

/in,  3) 

♦♦Specific  stiffness  =  E/p 

The  last  two  entries  tell  the  story.  Pound  for  pound,  the  aluminum-boron  composite 
has  more  than  four  times  the  strength  of  aluminum,  three  times  the  strength  of  steel, 
and  is  more  than  three  times  as  stiff  as  both  steel  and  aluminum.  It  is  logical  to  ask, 
'*Why  aren't  many  structures  made  from  this  material?"  To  answer  this,  some 
limitations  must  be  pointed  out.  Foremost,  is  the  extremely  high  cost.  Cost  effective 
applications  are  few,  mainly  limited  to  weight-  and  stiffness-critical  designs  like  upper- 
stage  missile  components  or  aircraft  structures.  Secondly,  the  composite  specified  in 
the  table  has  unidirectional  filament  orientation;  transverse  or  cross-tension  strength 
is  12  to  15  ksi.  Wide  variability  in  mechanical  properties  often  results  from  difficulties 
in  producing  tmiform  quality. 
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Looking  again  at  Figure  1,  one  should  ask,  "at  what  scale  should  one  think  when 
considering  the  applications  of  nondestructively  testing  this  material?"  For  a  non¬ 
destructive  test  to  be  useful,  it  must,  at  least,  detect  discontinuities.  But  imagine 
looking  for  discontinuities  in  the  filaments.  One  square  foot  of  the  material  shown  in 
Figure  1  contains  16, 800  feet  of  filaments,  just  over  three  miles.  One  linear  inch 
transverse  to  the  filament  direction  intercepts  seven  layers  of  200  filaments  each. 

This  yields  1, 400  inherent  discontinuities  per  linear  inch;  and  that  piece  is  less  than 
0. 040-inch  thick,  about  three-quarters  the  thickness  of  a  dlmel 

The  question  of  scale  is  one  of  philosophy.  Certainly  there  is  some  "weakest  link" 
in  the  material  at  which  point  it  would  fail  if  sufficiently  loaded.  But  is  it  necessary 
to  consider  all  discontinuities,  even  the  natural,  inherent  ones,  in  order  to  find  only 
the  critical  ones?  Or  can  all  the  irrelevant  detail  be  "filtered  out"  by  seme  means? 

If  so,  at  what  point  should  the  filtering  be  done?  Shall  the  NDT  probing  media  be 
"detuned"  so  that  the  many  individual  small  inherent  discontinuities  will  not  interact? 

Or  shall  the  highest  possible  sensitivity  between  the  probing  media  and  test  object  be 
utilized,  and  the  resulting  data  filtered?  early  stages  of  both  material  and  test 
method  development,  the  latter  approach  seems  better,  fi  all  possible  data  are  obtained 
initially,  the  data  which  turns  out  to  be  irrele\ant  can  simply  be  ignored.  This  approach 
does  not  preclude  the  existence  of  oversights  in  data  analysis;  however,  once  obtained, 
the  data  can  be  subjected  to  as  many  forms  of  analysis  as  the  experimenter's  imagina¬ 
tion  and  finam:es  permit. 

At  this  early  stage  of  composite  materials  development,  many  other  basic  questions 
remain  imanswered.  However,  improvements  in  processing,  testing  and  data  analysis 
have  reduced  the  variability  and  increased  the  overall  quality  and  properties  of  these 
materials.  Benefits  accruing  from  concurrent  NDT  and  materials  development  are 
several:  (1)  the  materials  engineer  has  feedback  from  which  he  can  minimize  his  de¬ 
structive  testing  (2)  the  material  producer  can  better  control  and  improve  his  process; 
(3)  the  designer  has  more  confidence  in  the  developed  design  allowables,  and  (4)  most 
of  the  quality  control  inspection  problems  have  been  exposed  prior  to  production  runs. 

Borne  analyses  have  been  made  which  attempt  to  attribute  the  significance  of  defects. 
One  stud5r2  lists  defects  which  are  likely  to  be  important  to  metal-matrix  composites 
(in  decreasing  order  to  relative  importance): 

1.  Volume  ratio  variations 

2.  Filament  degradation 

3.  Changes  in  matrix  modulus 

4.  Matrix  degradation  (disbonds,  voids,  diffusion  zones,  etc. ) 

5.  Filament  misalignment 

6.  Filament  breakage 

7.  Filament-matrix  disbonds 
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The  analysis  leadinj;  to  this  listing  requires  a  volume  fraction  greater  than  a  cer¬ 
tain  critical  value.  However,  this  critical  value  is  exceeded  in  materials  of  practical 
interest.  Experience  in  working  with  this  material  indicates  that  except  for  the  order 
of  importance  which  is  a  highly  dependent  variable,  this  list  is  probably  conrect  both 
for  metal  and  non-metal  nu.trix  composites.  If  so,  the  nondestructive  methods  employed 
so  for  are  useful  in  detect!  on,  and  to  some  extent,  characterization  of  all  the  defects 
except  filament  dsgpradation  (number  2)  and  changes  in  matrix  modulus  (number  3). 

These  are  the  most  difiicult  pioblems  for  NDT  and  require  further  attention. 

ULTRASONIC  TEgTING 

Althou^  most  of  the  work  reported  herein  was  performed  on  metal  matrix  compo¬ 
sites,  some  resin  matrix  materials  were  also  tested.  Generally,  the  information 
given  here  on  metal  matrix  materials  ai^lies  equally  to  any  filament-reinforced 
conqx-site. 

Of  major  s^Tdficaime  in  any  NDT  application  to  composites  is  the  problem  of  sep¬ 
arating  relevant  signals  from  noise.  Aside  from  any  other  factors  involved,  this 
signal-iK>ise  problem  could  lead  one  to  conclitde  that  ultrasonic  methods  might  not  be 
applicable  (consider  the  cross-section  in  Figure  1  again).  The  small  area  between 
filaments  in  Figure  1  is  the  zone  of  matrix  diffusion  bonding.  Note  that  these  areas 
average  only  about  1/4  of  the  projected  area  of  the  adjacent  filament-matrix  contact 
surfoces.  Considering  incident  acoustic  energy  as  plane  waves,  3/4  c.f  the  incident 
plane  area  intercepts  reflecting,  scattering,  and  diffracting  interfaces  at  the  very 
first  ply  of  boron.  The  energy  which  gets  by  the  first  ply  is  subjected  to  the  reflecting, 
scattering,  and  diffracting  interfaces  of  the  next  ply,  and  so  on.  Thus,  even  in  materi¬ 
al  with  sound  matrix  bonds,  the  natural  internal  scattering  is  tremendous.  And  yet, 
the  aluminum-boron  composites  do  transmit  substantial  amounts  of  energy. 

There  is  foir  transmission  from  the  aluminum  matrix  through  the  mechanical  and 
clmmical  bond  to  the  filament.  In  fact,  even  with  complete  matrix  disbond,  as  long  as 
the  matrix  and  filaments  are  in  contact,  a  sizable  amount  of  energy  is  transmitted. 
Calculation  of  the  transmission  coefficient  shows  that  about  90%  of  the  normal  incident 
energy  is  transmitted  through  the  aluminum-boron  interfoce.  Furthermore,  the  critical 
a^^le  is  about  30  degrees  for  l<mgibidinal  waves  incident  on  boron  from  aluminum.  Thus, 
these  waves  are  transmitted  into  the  filament  within  plus  and  minus  0. 001  inch  from  the 
centerline,  and  the  filament  is  only  0. 004-inch  diameter.  As  a  result,  reflection  losses 
are  not  as  great  as  one  might  suspect;  however,  diffraction  and  scattering  loses  are 
quite  significant.  Matrix  disbonds,  even  though  very  small  areas,  have  a  fairly  large 
effect  on  both  reflected  and  transmitted  energy.  Unlike  the  fractional,  scattered  re¬ 
flections  from  filaments,  matrix  disbonds  cause  virtually  total  reflection  and  mostly 
in  the  180-degree  backward  direction.  Thus,  a  small  disbond  removes  a  substantial 
amount  of  energy  from  the  transmitted  beam. 


One  of  the  more  useful  techniques  of  testing  thin  materials  for  defects  aligned  paral¬ 
lel  to  the  principal  sui&ces  is  the  through-transmission  method.  A  variation  of  this 
method  is  a  single-transducer,  reflector  plate  technique  shown  in  Figure  2.  Ultra¬ 
sonic  energy  transmitted  throu^  the  specimen  is  returned  to  the  transducer  from  a 
smooth  reflector.  If  disbonds  are  present,  reflection  of  sound  at  the  inter&ces  iresults 
in  less  transmitted  energy.  The  resultant  is  readily  detected  as  a  decrease  in  the 
strength  (amplitude)  of  the  reflected  signal.  Figure  3  shows  the  signal  presentation  on 
the  cathode-ray  tube  (CRT)  of  the  ultrasonic  test  instnunent.  The  gated  signal,  input 
to  a  recording  amplifier,  provides  an  output  voltage  of  the  proper  level  to  the  recorder. 
The  gating  circuits  can  provide  a  go/no-go  output  or  a  variable  output.  With  the  go/no-go 
selection,  only  gated  signals  above  a  preselected  any)litude  cause  an  output  to  the  record¬ 
er.  In  the  variable  mode,  the  signal  output  to  the  recorder  is  proportional  to  the  gated 
signal  amplitude. 


The  C-scan  recorder  of  Figure  4  is  mechani¬ 
cally  linked  to  scan  and  index  motions  of  the 
transducer  aixi  electrically  connected  to  the  re¬ 
corder  amplifier.  With  a  signal  in  the  gate,  the 
recorder  receives  the  amplified  signal  and 
"writes"  during  that  time,  A  series  of  line 
scans  ssrnchronized  with  the  movement  of  the 
test  transducer  (or  test  specimen)  provides  a 
full-scale  plan  view  of  the  test  object  and  shows 
defects  in  either  black  and  white  or  variable 
shades. 


Since  the  fall  of  1967,  nearly  30, 000  square 
Figure  2.  Single  transducer,  through-  inches  of  aluminum-boron  composite  have  been 
transmission  reflector  plate  ultra-  tested  by  these  methods.  Procedures  have  been 
sonic  test  method.  developed  wtereby  a  6-step  gray-scale  is 


CATHODE  RAY  TUBE 


Figure  3.  Signal  presentation  of  the  reflector  plate  ultrasonic  technique. 
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reproduced  corresponding  to  known  attenuation  steps.  Figure  5  shows  the  arrange¬ 
ment  of  the  ultrasonic  instrumentation.  The  scanning  bridge,  bridge  controls,  trans¬ 
ducer,  tank  and  recorder  are  on  the  right.  The  ultrasonic  instruments  are  at  left 
center  and  strip  chart  recorder  at  the  extreme  left.  Figure  6  is  a  close  view  of  the 
ultrasonic  instrument  and  recorder  showing  the  attenuators  which  are  used  to  provide 
reproducibility  between  different  setups  or  different  configurations. 


SCAN  MOTION 
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Figure  4.  Ultrasonic  testing  sj'stem 
arrangement  used  to  produce  per¬ 
manent  C-scan  recordings. 


Throughout  the  course  of  this  work,  numer¬ 
ous  specimens  have  been  sectioned  for  compari 
son  with  ultrasonic  response.  Figure  7  illus- 
RECORDER  tratcs  a  typical  comparison  between  the  C-scan 
recording,  a  strip  chart  recording,  and  metal- 
lui^cal  sectioning. 


The  6-step  gray  scale  represents  the  most 
steps  which  we  were  able  to  resolve  by  this 
method  of  recording.  While  the  strip  chart 
recording  shows  a  wider  variance  in  a  single 
scan,  the  facsimile-type  recorder  does  not 
provide  discrimination  between  signals  much 
beyond  6  shades  of  gray.  Because  of  this,  a 
completely  different  method  of  recording  is 
highly  desirable. 


/- 


Figure  5.  Laboratory  arrangement  of  ultrasonic  testing  equipment  used  to  develop 
test  techniques  for  composite  materials. 
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Figure  6.  Ultrasonic  equipment  showii^  tj-pical  A-scan  and  C-scan  displays  and 
attenuators  used  in  setup. 

One  of  the  continual  frustrations  in  working  with  NDT  methods  for  composites  is  the 
inability  to  adequately  cope  with  the  data  generated.  This  inability  is  a  combined  failure 
of  current  instrumentation  and  human  sensory  capacity.  More  advanced  methods  of  data 
presentation  and  analysis  are  required  than  those  presently  available. 

RADIOGRAPHIC  TESTING 


Aluminum-Boron  Composites 


The  X-ray  absorption  difference  between  tungsten  (atomic  number  74)  and  aluminum 
(13)  makes  radiography  feasible  for  detecting  variation  in  boron- reinforced  aluminum 
matrix  composites.  The  individual  haK-mil  diameter  tungsten  cores  upon  which  the 
boron  is  deposited  are  distinguishable  on  the  radiographs  even  in  multilayer  material. 
Alignment,  spacing,  and  integrity  of  the  tungsten  cores  conveys  information  about  the 
boron  which  may  or  may  not  be  visible  on  the  radiograph.  WTiile  maximum  contrast 
between  aluminiun  and  tungsten  is  obtained  at  bout  70  rjeV  (effective  energy),  the  signal 
contrast  is  high  between  the  tungsten  core  and  matrix  at  energy  levels  both  above  and 
below  this  value  (see  Figure  8).  Where  filament  images  are  not  overly  superimposed,  as 
in  very  thin  materials,  the  use  of  low  energv’  allows  more  control  over  the  exposure. 
Alignment  and  filament  breakage  may  be  determined  without  penetrating  the  tungsten 
cores. 
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Figure  8. 

versus  energy. 


For  thick  material  and  v  -  .'eased  volume  loading, 
higher  energy  is  needed.  While  40  KeV  is  sufficient 
energy  to  penetrate  a  single^  tungsten  core,  consider¬ 
ably  higher  energy  is  required  to  produce  an  effective 
energy  which  will  penetrate  both  superimposed  fila¬ 
ments  and  matrix  and  produce  a  readable  image.  The 
most  significant  factor  is  scatter  buildup  whch  increases 
with  eneigy,  reducing  both  contrast  and  sharpness  of  the 
image.  For  thick  composites  or  where  relatively  high 
energy  x-rays  are  employed  (100  KeV),  it  was  found 
advantageous  to  place  a  thin  lead  foil  between  the 
specimen  and  film. 

Routine  considerations  must  be  given  to  geometric 
factors  which  affect  detail  or  definition  sensitivity.  Of 
these  factors  film  selection  is  perhaps  the  most  import¬ 
ant.  The  thickness  of  double  emulsion  films,  0. 007  to 
0. 009  inch,  is  sufficient  to  cause  unsharpness  due  to 
parallax  of  the  tungsten  core  images.  These  losses 
^0  are  apparent  at  7X  magnification  within  about  a  tv;o- 
inch  radius  from  the  central  axis  of  the  exposure 
Half-valve  layer  (based  on  a  source  to  film  distance  of  36  inches).  To 


.0  40  80  120  160 

X-RAY  ENERGY  (NARROW  BEAM)  -  keV 


eliminate  error  due  to  this  image  parallax,  radiography 
was  performed  using  single-emulsion  fine  grain  x-ray 
film.  Magnification  of  the  image  up  to  approximately  40X  is  possible  with  these 
emulsions. 


The  radiOijraphy  described  is  used  to  detect  relaxed,  misaligned,  broken  and  missing 
filaments  in  aluminum-boron  composites.  While  the  approach  to  radiography  is  conven¬ 
tional,  high  radiographic  quality  is  necessary.  The  perception  of  small  detail  is  often 
difficult  because  of  the  high  noise  level  inherent  in  "busy"  material.  Techniques  to  reauce 
this  noise  and  enhance  the  images  of  subtle  variations  in  the  material  will  be  discussed  in 
a  later  section. 

Alignment  between  filaments  is  determined  from  the  image  of  the  tungsten  cores. 

The  maximum  allowable  misalignment  is  about  one  degree.  VTiere  the  image  of  crossed 
filaments  can  be  separated  from  the  bacl^round,  i.e. ,  in  low’  volume  fraction  or  thin 
material,  tungsten  core  images  crossover  and  form  a  Moire-like  geometric  pattern  on 
the  radiograph.  While  the  distance  between  fringes  is  a  measure  of  filament  alignment, 
making  numerous  measurements  over  a  large  area  is  much  too  tedious  to  be  pmctical. 
However,  since  the  fringe  distance  increases  as  the  inter-ruling  angle  between  fila¬ 
ments  decreases,  this  pattern  can  serve  to  qualify  the  material  on  the  basis  of  maximum 
possible  misalignment.  Uniformity  of  the  layup  may  also  be  observed  from  these  patterns. 
Figure  9  shows  a  radiograph  of  a  0-90°  crossply  Al/B  composite  in  which  an  abrupt 
change  in  layup  occurred  in  the  0°  direction.  Misalignment  is  most  severe  in  the  case  of 
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the  more  closely  spaced  pattern.  The  change  is  attributed  to  either  a  break  or  arid  in 
the  filament  spool  during  layup  of  the  composite. 

Broken  filaments  are  detectible  as  a  distinct  separation  of  the  tungsten  core.  Fig¬ 
ure  10.  The  separation  gaps  range  from  about  0. 001  to  more  than  0. 005  inch.  Magni¬ 
fication  is  required  to  detect  breaks  which  are  less  than  about  0. 005  inch,  particularly 
where  other  filament  images  are  superposed. 

Resin  Matrix  Composite 


For  resin  matrix  composites  such  as  glass-reinforced  epoxy  and  epoxy-graphite,  con¬ 
trast  sensitivity  is  the  most  limiting  factor.  Since  x-ray  absorption  in  these  materials 
approaches  that  in  air,  very  low-energy  x-rays  must  be  employed  to  detect  subtle 
variations  within  the  composite.  Exposures  must  be  made  within  vacuum  to  prevent 
the  absorption  of  low-energy  photons  by  the  air  within  ordinarj'  exposure  chambers. 
Single-emulsion  fine-grain  x-ray  film  is  used  for  routine  radiography.  Energy  levels 
ranging  from  about  2  to  25  KeV  are  employed;  the  energy  being  determined  by  thick¬ 
ness  and  density  of  the  test  specimen,  and  to  a  lesser  extent  by  required  detail.  Bare 
film  techniques  prevent  absorption  of  the  x-iays  .y  cassette  material  covering  the 
emulsion. 

The  x-ray  device  used  by  Convair  to  perform  radiography  on  these  materials  is 
shown  in  Figure  11.  The  x-ray  unit  has  an  extremely  thin  (0. 010-inch)  beryllium  win- 
down  and  is  capable  of  generating  x-rays  up  to  110  KeV.  The  unit  may  be  used  without 
external  shielding  for  protection  to  personnel  during  the  exposure.  The  vacuum  chamber 
inside  the  cabinet  can  be  removed  from  the  x-ray  machine.  The  chamber  is  made  of 


Figure  10.  Radiograph  showing  broken  filaments  in  aluminum-boron  composite. 
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3/l6-inch  aluminum  and  is  lined  inside 
with  lead  to  provide  a  high  photoelectric- 
cross-section  for  minimum  scatter. 


Microradiagraphy  was  used  to  study  de¬ 
tail  beyond  the  resolution  of  commercial 
x-ray  emulsion.  High  resolution  photo¬ 
graphic  plate  (2, 000  lines/inm)  is  used  in 
lieu  of  x-ray  film  (approximately  100  lines/ 
mm).  Following  development  of  the  image, 
the  plate  is  viewed  through  a  microscope. 
Magnification  up  to  500X  may  be  employed 
to  study  various  detail  in  the  specimen. 

Figure  12  shows  radiographs  of  various 
hybrid  unidirectional  and  cross-ply  epoxy¬ 
graphites.  The  radiographs,  produced  in 
vacuum  on  high  resolution  plate,  required 
up  to  72  hours  of  exposure. 

Neutron  Radiography 

Neutron  radiography  has  been  suggested 
for  A  1/B  composites.  However,  as  men¬ 
tioned  earlier,  x-ray  techniques  are  success¬ 
ful  in  defining  filament  alignment  and  integ¬ 
rity  because  the  0, 0005-inch  tungsten  core 
provides  a  highly  contrasting  subject  image 
as  compared  with  the  aluminum  matrix.  In 
the  neutron  radiograph  ,  the  high-contrast . 
subject  is  boron  which  is  0. 004-inch  diame¬ 
ter.  Hence,  in  a  multilayered  composite, 
absorption  in  the  first  layer  of  boron  masks 
the  im^e  of  underlying  filaments  (see  Figure  13).  During  the  course  of  our  studies, 
several  neutron  radiographs  have  been  made  of  aluminum/boron  composites.  The 
results  show  that  neutron  radiography  provides  no  advantages  over  x-radiography  for 
inspecting  this  material. 


Figure  11.  X-ray  unit  and  vacuum 
chamber,  (1),  used  for  micro- 
radiography  of  epojqr-graphite. 


THERMAL  TECHNIQUES 
Cholesteric  liquid  Crystal  Detector 


Aluminum/boron  test  panels  containing  from  25  to  50  per  cent  boron  were  evaluated  at 
Convair  using  liquid  crystals.  The  panels,  ranging  from  0. 020  to  0. 080  inch  thick, 
contained  known  matrix  disbonds.  The  panels  were  coated  with  a  0. 003-inch  thick 
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Radiograph  of  asbestos  reinforced  epoxy-graphite  showing  condition  of  filament  layup 
hidden  by  asbestos.  Exposure:  5  KVP,  2  ma,  SFD,  24  in. ,  60  hr.  (vacuum). 
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Radiograph  showing  integrity  of  filaments  in  cross-ply  resin  laminate  following  inter 
laminar  failure.  Exposure:  18  ICVP,  2  ma,  SFD,  24  in. ,  70  hr.  (vacuum). 
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Microradiograph  of  hybrid  epoxy-graphite  showing  separation  between  filaments,  en¬ 
trapped  foreign  material,  resin  rich  area,  etc.  Exposure:  5  KVP,  2  ma,  SFC  24  in., 
72  hr.  (vacuum). 


Micioradiograph  of  epoxy-graphite  showing  0. 0003  in.  dia. ,  glass  filaments  entrapped 
during  layup.  Exposure:  5  KVP,  2  ma,  SFD  24  in.,  72  hr.  (vacuum). 


Figure  13.  Neutron  (left)  versus  x-ray  radiograph  (right)  of  Al/B  composite. 

pressure-sensitive  vinyl  to  provide  a  background  for  observing  color  changes  in  the 
crystal.  Various  water  soluble  paints  were  also  used  but  were  found  less  satisfectoiy 
than  the  vinyl  coating. 

liquid  crystals  were  applied  to  the  panels  by  spraying.  Transient  conditions  were 
established  through  regulation  of  the  back  side  heat  input  and  front  side  cooling.  Six 
distinct  colors  were  observed  —  brown,  red,  yellow,  green,  violet  and  blue.  The 
change  through  the  color  spectrum,  i.e. ,  clear  to  clear  required  about  3°  C.  With 
careful  manipulation  of  the  heat  iiqjut  and  cooling,  a  steady  state  was  maintained; 
however,  with  the  exception  of  the  edges,  only  a  single  color  was  observtsd  over  the 
sur&ces  of  the  disbonded  panels. 

Known  disbonds  contained  in  the  panels  were  not  detected  (or  at  least  not  recognized) 
by  the  above  technique.  However,  in  the  A1  -B  panels  used,  heat  conduction  is  only 
slightly  affected  by  the  presence  of  boron.  In  aluminum  alloys,  a  direct  relationship 
exists  between  factors  affecting  thermal  and  electrical  conductivily.  It  is  not  known 
whether  50  per  cent  boron  displacement  of  aluminum  reduces  the  thermal  conductivity 
by  50  per  cent  as  it  does  the  electri.cal  conductivity.  Even  if  that  were  the  case,  the 
composite  would  still  be  an  effective  conductor  of  thermal  energy.  It  is  probable  that 
a  fest  transient  condition  best  establishes  a  detectible  thermal  gradient.  However, 
since  the  complete  color  spectrum  requires  3"  C,  each  color  represents  about  0. 5°  C. 
While  theoretically  it  is  possible  to  establish  a  AT  of  0. 5°  C  in  0  050-inch  thick 
aluminum  over  an  air-filled  laminar  separation  (0. 001 -inch  thick)  located  in  the  middle 
of  a  panel,  the  transient  period  would  imdoubtably  be  too  fast  to  be  observed  visually. 
Color-sensitive,  photometric  scanners  would  probably  be  required  to  detect  such  c^'unges 


Various  LC  detectors  and  tbicknesstts  v/ere  applif^  to  the  panels.  In  no  instances 
were  satisfactory  conditions  established  whereby  the  LC  material  repeatedly  revealed 
the  presence  of  known  defects  (delaminations)  in  the  material. 

Mrared  Testing 


Additional  therrual  tests  were  conducted  using  infrared-sensitive  radiometric  scan¬ 
ning  equipment.  The  panels  were  scanned  using  the  arrangement  illustrated  in  F^re 
14.  Five  parallel  scans  were  made  aloi^  each  panel  as  shown  in  Figure  15.  Figure 
16  shows  the  recorded  thermograph  for  one  of  the  panels;  the  high  temperature  chai^ 
to  the  left  is  apparently  edge  effect.  As  with  the  LC  material,  identification  of  known 
disbonds  was  not  possible  using  the  method.  While  illustrating  the  capability  for 
detection  of  gross  discontinuities,  thep“  results  indicate  that  infrared  testing  is  less 
sensitive  and  probably  less  reliable  t^n  tiltrasonic  testing  for  examining  aluminum 
matrix  material. 


Figure  14.  Infrared  scanning 
arrangement  for  thermal 
testing. 


Boron  fflament  reinforced  epoj^  matrix  com¬ 
posites  have  been  successfully  tested  with  thermal 
methods  developed  by  the  Fort  Worth  division  of 
General  Dynamics.  The  thermal  properties  of 
the  resin  matrix  materials  are  much  different 
from  the  metals.  Interlaminar  bond  defects  and 
faulty  resin  ratios  are  detectable. 

EDDY  CURRENT  TESTS 

Eddy  current  testing  of  Al-B  composite  materi¬ 
als  has  also  been  evaluated.  With  reference  stand¬ 
ards,  most  of  the  commercial,  eddy  current  testing 
instrumentation  is  suitable  for  direct  detemaination 
of  electrical  conductivity.  At  ordinary  tempera¬ 
tures  aluminum  is  about  12  orders  of  magnitude 
more  conductive  than  boron.  Since  the  conductivity 
of  boron  is  ne^gible,  the  conductivity  of  a  50  per 
cent  boron  composite  is  about  equal  ty  that  of  50 


per  cent  dense  aluminum,  except  for  a  small  correction  due  to  the  half  mil  tungsten 
core. 


A  variable  frequency  (50  KHz-300KHz)  instrument  was  used  to  study  the  behavior 
of  eddy  currents  in  Al/B.  A  test  frequency  of  about  200  KHz  was  found  to  provide  ade¬ 
quate  sensitivity  with  minl3Tial  effects  from  liftoff.  Various  discontinuities  were  de- 
tectible;  however,  because  of  the  exponentially  decreasing  field  penetration,  near-surface 
defects  produced  much  greater  response  than  did  deeper-lying  defects.  The  necessity 
for  scanning  large  areas  of  the  test  object  as  well  as  the  problem  of  recording  data  is 
a  major  disadvantage  of  the  method. 
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Figure  15.  Position  of  thermal  scans  3ho;vn  on  ultrasonic 
C-scan  of  panel  containing  known  disbond. 
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Figure  16.  Thermal  scans  -  Panel  Al-50%  B. 


The  most  useful  application  of  eddy  cur¬ 
rent  testing  is  in  volume  fraction  determin¬ 
ation.  Figure  1 7  shows  the  relationship  be¬ 
tween  volume  fraction  and  conductivity  for 
6061  and  2219  aluminum  alloy  matrix  materi¬ 
als.  Two  factors  are  important  in  the  appli¬ 
cation  of  this  method  for  volume  fraction 
determination. 

1.  Measurements  should  be  made  in  areas 
where  no  radiographic  or  ultrasonic 
indications  are  apparent,  and 

2.  Eddy  current  test  frequencj'  should  be 
carefully  selected  to  preclude  penetra¬ 
tion  through  the  thickness  of  the  test 
specimen. 


MICROWAVE  TESTING 


A  limited  study  was  conducted  to  evaluate 
microwave  methods  for  NDT  of  glass-filament 
reinforced  phenolic  honeycomb  structures.  ^ 
Honeycomb  test  {Mmels,  20  by  20  inches,  were 
constructed.  Artificial  defects,  iiK^ltaiing  simu¬ 
lated  disbonding  at  the  various  interfaces,  were 
introduced  into  the  panels.  Several  glass-pheno¬ 
lic  laminate  pai»ls  up  to  0. 25-inch  thick  and 
containing  artificial  defects  were  also  prepared. 


Figure  17.  Volume  fraction  veraus  Microwave  reflectometry  was  performed  at  a 
electrical  conductance  as  deter-  test  frequency  of  3.4  GHz.  F^re  18  is  a  simp- 
mined  by  eddy  current  methods,  lified  block  diagram  of  the  test  setup.  The  re- 

flectometer  was  mammlly  scanned  over  the 

surfaces  of  the  test  panels.  Data  ou4>ut  from  the  instrumentation  indicated  the  anq)li- 
^Jde  of  the  standing  wave  at  the  reflectometer.  Variations  in  the  specimens  resulted  in 
variations  in  the  reflected  microwave  signal  and,  hence,  produced  variations  in  the 
resultant  standii^  wave. 


SUD£ 

SCREW 


Figure  18.  Simplified  block  dk^ram  of  microwave  nondestructive  testing  setup. 

Nearly  all  artificial  defects  were  found  by  this  test  method.  Some  could  be  detected 
from  either  side  of  the  panel,  with  greater  sensitivity  always  occurring  when  the  aiu>- 
maly  was  on  the  same  side  of  the  panel  as  the  reflectometer.  laminar  discontinuities 
.were  detectible  where  a  physical  separation  was  present,  but  very  ti^t  disbonds  were., 
not  detected.  With  appropriate  tooling,  tins  nondestructive  test  method  would  be  an 
eSective  method  for  testing  non-metallic  honeycombs  and  laminates.  A  major  advant¬ 
age  is  that  no  intermediate  coupling  agents  are  required.  The  microwave  method, 
although  less  sensitive  than  ultrasonics  for  detecting  delamination,  is  superior  for 
detecting  deep-lying  defects. 
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NDT  DATA  ANALYSIS 


► 


The  data  resulting  from  NDT  of  composites  are  voluminous.  Sensitive  radiographs 
show  an  extremely  busy,  noisy  background.  Images  of  interest  are  scattered  throu^- 
out  the  background  and  are,  generally,  only  a  minute  fraction  of  the  total  information 
available.  Ultrasonic  C-scans  are  similarly  encumbered.  Eddy  current  and  thermal 
tests  and,  in  fact,  any  NDT  in  which  penetrating  energy  reacts  with  the  filaments,  ex¬ 
hibits  noise  if  the  test  method  is  sufficiently  sensitive  to  be  useful. 

It  became  apparent  from  the  very  first  radiograph  of  aluminum/faoron  that  inter¬ 
pretation  of  the  data  would  be  extremely  tedious.  At  least  6X  magnification  is  needed 
for  a  trained  observer  to  identify  most  of  the  filament  bi*eakage,  aligned  stray  boron 
aai  crossover.  However,  the  field  of  view  becomes  more  and  more  restricted  as 
magnification  is  increased.  Adding  to  the  difficulty  are  the  effects  of  motion  which 
become  exa^erated  with  magnification.  Pencil  and  paper  recording  cf  the  data  is  a 
two-man  job. 


A  search  for  a  more  convenient,  less  demanding  system  led  to  consideration  of 
special-purpose  video  devices.  Not  only  can  magnification  be  readily  handled,  but 
more  importantly,  video  signals  can  be  processed  in  a  v'ariety  of  ways  and  in  real  time. 
In  addition,  wide  flexibility  is  available  in  recording  capabilities.  Interfacing  the  video 
signals  with  computers  is  relatively  simple,  although  it  is  not  yet  •'iompletely  clear 
whether  computer  processing  will  provide  any  advantage  over  video  processing  alone. 


The  video  system  developed  at  Convair  is  shown  in  Figure  19.  Basic  system  ele¬ 
ments  are: 


Figure  19. 


Experimental  video  system  used  in  image  enhancement  tests. 
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Camera 


A  vidicon  camera  is  used  with  a  resolution  capability  of  at  least  800  lines.  It  has 
a  separate-mesh  one-inch  vidicon  with  electromagnetic  fo^us  and  deflection.  Extension 
tubes  behind  the  lens  allows  good  focus  at  close  working  distances.  Ma@iifi[cations  of 
greater  than  40X  at  an  11-inch  wide  television  monitor  are  easily  achieved. 

Distribution  Amplifiers 

l^deo  from  the  camera  control  unit  is  fed  to  a  series  of  distribution  amplifiers  to 
provide  isolation  and  additional  gain  as  required  by  the  various  video  filters. 

Video  Filters 


Various  filters  —  hig^  pass,  low  pass,  and  several  selected  bandpass  —  are  used 
in  processing  the  video  to  eliminate  various  background  elements  and  accentuate 
desired  images. 

AGC  Amplifier 

'  Automatic  gain  control  is  used  to  keep  video  level  constant  at  the  input  of  the  video 
quantizer.  Synchronizing  and  blanking  p'dses  are  also  reformed  and  added  to  the 
signal  in  this  device. 

Video  Quantizer 

The  quantizer  operates  on  the  real-time  video  signal  and  provides  a  thresholded 
output  at  any  desired  level.  Thresholding  is  on  the  basis  of  brightness  values.  The 
quantizer  also  provides  a  slow  scan  output  at  a  very  much  reduced  bandwidth  for 
transmission  of  the  video  information  to  computers  or  other  devices  which  cannot  ,  . 
operate  in  real  time  due  to  limited  bardwidth  and  storage  capability. 

Displays  b 

Any  standard  tele^ion  monitor  can'be  used  to  display  both  processed  and  unpro¬ 
cessed  ou^ts  of  the  system.  All  ncKsessaiy  s3mchronizing  pulses  are  present  in 
these  outputs.  Screen  size  is  determined  by  viewing  distances  and  amount  of  detail 
needed. 


The  video  signals  corresponding  to  \vdiat  the  camera  "sees"  can  be  electronically 
processed  in  various  ways  to  provide  image  enhancement.  This  enhancement  is  con¬ 
siderably  more  than  just  contrast  enhancement  and  is  accomplished  by  processing  the 
video  signal  with  an  optimum  receiver.  Optimum  receiver  design  is  a  well-developed 
branch  of  communication  engineering  and  is  general  enough  to  cover  the  many  different 
cases  of  background  and  image  brightness  distributions  likely  to  be  encoimtered  in 
radiographs.  Under  many  conditions  the  object  of  interest  will  be  only  a  faint  line 


image  or  a  series  of  dots,  but  this  signal  will  be  the  only  thing  left  in  the  picture  if 
all  of  the  l^ckground  clutter  can  be  eliminated.  In  this  way  a  slightly  distorted  but 
enhanced  image  is  the  only  thing  presented  on  the  monitor  or  to  the  alarm  logic  of  an 
automatic  flaw  detection  device.  The  enhanced  image  can  also  be  n’perimposed  over 
a  normal  presentation  of  the  radiograph. 

Currently,  radiographs  are  placed  in  front  of  the  televdsion  camera  and  the  resulting 
video  is  processed  by  a  combination  of  digital  and  analog  means.  Convair  is  also  invest!** 
gating  the  use  of  flying-spot  scanner  devices  as  a  possible  replacement  for  the  television 
camera.  These  scanners  offer  increased  reliability  and  more  stable  performance  and 
may  be  more  cost  effective  than  conventional  vidicon  camera  systems  particularly  for 
the  applications  discussed  here. 

Typical  Examples 


Convair' s  approach  to  image  enhancement  is  to  process  the  video  coming  directly 
from  the  camera  with  analog  filters  and  a  digital  threshold  device.  In  the  photograph 
shown  on  the  right  in  Figure  19  the  uiy>rocessed  video  is  displayed  on  the  left  monitor 
^  and  the  processed  ^ddeo  to  the  immediate  right.  The  large  monitor  on  the  extreme 
right  displays  either  processed  or  unprocessed  pictures  or  a  combinatioc  of  the  two. 

In  F^re  20  are  three  representations  of  a  stray  boron  filament  0. 25-Inch  long  in 
an  alumj.nura-50%  boron  composite  0. 021-inch  thick,  unidirectional  laimp.  The  stray 
filament's  presence  in  the  composite  during  pressure  diffusion  bonding  caused  aligned 
filaments  to  break.  Figure  20(A)  shows  the  normal,  uiq>rocessed  video  presentation 
on  an  11-inch  wide  monitor;  Figure  20<B)  shows  the  filtered  video  presentation  of  the 
same  radiograph.  Note  that  much  of  the  background  has  been  eliminated  and  only  the 
main  defect  is  distinct.  Another  alternative  display  is  shown  in  Figure  20(C).  Here 
the  video  has  been  filtered  and  then  thresholded  in  the  video  quantizer.  Brightness 
level  discrimination  by  the  quantizer  provides  a  go/no-go  signal.  Obviously,  this  is 
an  extreme  form  of  contrast  enhancement,  and  when  coupled  with  the  advantages  of 
background  elimiz^ation  can  be  preset  to  show  only  Images  beyond  a  selected  brightness 
level.  In  addition,  the  final  image  may  be  shown  in  either  a  positive  or  negative 
mode. 

Figure  21  shows  a  condition  of  stray  boron  also  in  a  unidirectional  layup.  In  this 
case  there  was  no  accompanying  filament  breakage.  Figure  22  shows  the  condition  in 
a  0®  -90“  cross  ply.  For  the  cross  ply  material  shown  in  the  figure,  only  the  hori¬ 
zontal  filament  images  have  been  suppressed  by  filtering  the  video.  Meally,  cross- 
ply  material  shoidd  be  scanned  from  the  directions  of  both  la3nips. 

Figures  23  and  24  are  examples  of  crossed-over  filaments  in  unidirectional  and 
cross-ply  materials,  respectively.  Crossover  results  in  two  undesirable  situations: 
local  off-axis  alignment  and  volume  fraction  variations. 
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NORMAL,  UNPROCESSED  VIDEO  FILTERED  VIDEO 

Figure  21.  Stray  boron  filaments  in  unidirectional  aluminum-boron  composite. 
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Figure  22.  Crossed-over  filaments  in  0-90°  cross-ply  aluminum-boron 
composite. 


NORMAL,  UNPROCESSED  VIDEO  FILTERED  VIDEO 

Figure  23.  Crossed-over  filaments  in  unidirectional  aluminum-boron 
composites. 

The  slow-scan  feature  of  the  qiiantizer  provides  a  vertical  "gate"  by  which  any  of 
the  possible  display  modes  —  normal,  filtered,  quantized  or  combinations  —  can  be 
scanned.  The  output  from  the  slow  scan  is  a  briefness  analog  from  the  particular 
video  mode  selected.  For  example,  at  the  upper  left  of  Figure  25  is  the  pictuire  on  the 
monitor  of  a  weld  radiograph  showing  porosity  and  inclusions.  The  slow-scan  output 
from  the  unprocessed  video  is  shown  on  the  accompanying  oscillogram  (below).  The 
quantized  video  is  shown  on  the  right  with  its  corresponding  slow-scan  output  below. 
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NORMAL,  UNPROCESSED  VIDEO  FILTERED  VIDEO 

Figure  24.  Stray  boron  filaments  in  0-90“  cross-ply  aluminum-boron  composite. 

This  system  is  highly  flexible  and  can  be  adapted  to  fully  automatic  interpretation. 

It  is  evident  that  various  gating  schemes  are  applicable.  It  is  easy  to  visualize  a  fully 
integrated  system  into  which  preset  specification  limits  could  be  set.  The  system  could 
be  simplified,  miniaturized,  and  tailored  for  specific  applications. 

Although  iK)t  yet  thoroughly  investigated,  many  other  possibilities  for  NDT  data 
analysis  exist.  For  example,  ultrasocic  a  od  electromagnetic  data  could  be  generated 
in  X,  Y,  and  Z  analogs,  just  like  conventional  ultrasonic  C-scan  recordings,  bistead 
of  being  immediately  displayed,  the  data  ecu  d  be  magnetically  recorded  on  a  disc,  or 
recorded  on  tape  then  transcribed  to  a  disc.  Magnetic  disc  recording  is  the  feature  by 
which  the  cow  familiar  "instant  replays, "  sic  *  motion  and  stop  action  are  reproduced 
by  television  broadcasters.  This  form  cf  recording  would  permit  input  to  video  systems 
of  data  taken  at  very  slow  speeds  as  compared  with  television  speeds,  for  example, 
from  ultrasonic  systems.  Also  feasible  is  direc;  integration  with  existing  x-ray  sensi¬ 
tive  vidicon  closed-circuit  TV  systems,  now  in  i  irly  wide  use  throughout  industry. 
Fluoroscopic  systems,  widely  used  in  medicine  and  industry,  are  also  adaptable  to 
this  concept. 

OTHER  NOT  METHODS  APPUCABLE  TO  COMPOSITES 

Some  recent  nondestructive  methods  which  hold  promise  for  evaluating  con^)osites 
iimlude  optical  and  acoustic  holographic  techniques  and  stress  wave  acotistic  emission 
analysis.  While  these  methods  have  not  been  applied  to  composites,  techniques  have 
been  developed  successfully  for  a  variety  of  other  materials. 
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Figure  25.  Porosity  and  inclusions  in  a  thin  aluminum  weld. 


Hologi'aphy 


Holography  is  a  method  of  recording  the  amplitude  and  phase  of  the  optical  wavefronts 
reflected  from  an  object  and  when  reconstructed,  these  wavefronts  have  the  relative 
amplitude  and  phase  of  the  ori^nal  wavefronts.  Three-dimensional  properties  are 
contained  in  the  image  of  the  reconstructed  wavefronts.  Acoustic  holography  is  a 
means  by  which  scattered  (or  reflected)  sound  waves  are  converted  into  optical  wave- 
fronts  to  obtain  Ihe  same  properties.  The  lightwaves  do  not  suffer  the  reflection  and 
mode  conversion  problems  associated  with  acoustic  energy. 

In  theory,  the  vibrational  "signature"  of  sound  material  differs  from  the  signature 
of  defective  material;  holograms  provide  a  means  for  comparing  the  signatures  of  rela¬ 
tively  large  areas  of  materials  or  structures  against  known  acceptable  standards.  The 
use  of  optical  holography  for  locating  leakage  in  aluminum-skin  honeyconob  has  been 
reported  the  Boeing  Company.^  Techniques  have  been  developed  for  shell  thicknesses 
up  to  about  0. 070  inch. 

Ultrasonic  holograplqr^  has  been  applied  to  detect  various  iuteractions  of  sound 
waves  within  a  material  in  the  form  of  attenuation  and/or  interfetence.  Techniques 
for  performing  coherent  mapping  of  the  data  are  based  on  a  holographic  recording  of 
coherently  pulsed  ultrasonic  wavefronts  over  a  line,  along  a  plane,  or  throughout  a 
volume.  While  the  method  promises  inq>roved  sensitivity  and  resolution  over  conven¬ 
tional  ultrasonic  imaging,  considerable  developn^nt  is  required  to  make  the  method 
practical. 

Acoustic  Emission 


Stress  wave  acoustic  emission  analysis  has  been  successfully  ai^lied  to  measure  cer¬ 
tain  mechanical  prx^rties  of  metals  and  ^ass  filament  reinforced  structures.  Ma¬ 
terials  emit  sound  as  tlmy  are  strained.  Some  of  the  low-intensity,  inaudible  stainds 
axe  precursors  or  incipient  indicators  fsilure.  hficroiAones  or  accelerom^rs  can 
be  used  to  detect  these  signals.  Both  the  frequency  of  emission  and  amplitude  oi  the 
sound  can  be  analyzed  in  real  fime  or  recorded. 

Acoustic  emission  analysis  may  be  M^y  applicable  both  to  measuring  bond  integrity 
and  to  predicting  ultimate  strength  in  same  composites,  bi-service,  nondestructive 
monitoring  may  be  another  ai^lication. 
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CONCLUSIONS 


Of  the  various  NDT  applied  to  composites,  radiographic  and  ultrasonic  tests  have 
proven  most  beneficial  so  far.  However,  the  sensitivity  of  tests  must  be  relatively 
high,  approaching  current  state-of-art  thresholds.  At  these  very  high  sensitivities, 
the  complicated  sub-structures  of  composite  material  stands  out  as  noise.  Methods 
of  noise  suppression  and  image  enhancement  are  highly  desirable,  perhaps  essential. 

High-contrast  radiography  has  proven  most  useful  for  routine  testing  of  metal  and 
resin  matrix  composites.  Microradiography  has  been  used  during  materials  develop¬ 
ment  phases,  particularly  with  the  resin  matrix  materials. 

The  transmission  reflection  method  of  ultrasonic  testing  is  extremely  sensitive  to 
interlaminar  matrix  disbonding.  The  method  is  only  effective,  however,  for  fairly 
tiiin  sections  of  uniform  cross  section.  For  more  complex  shapes,  other  techniques 
will  be  necessary. 

Thermal  methods  have  most  ai^lication  on  the  resin-matrix  composites.  Interlam¬ 
inar  defects  and  faulty  resin  ratios  can  be  detected.  It  is  concluded  that  the  thermal 
methods  are  not  as  reliable  as  ultrasonic  methods  for  testing  the  metal  matidx. 

Eddy  current  methods  are  most  effective  for  volume  fraction  measurement  on  the 
metal  matrix  material;  there  is  limited  application  for  defect  detection.  Microwave 
methods  have  not  been  adequately  investigated  to  determine  their  ultimate  potential 
on  the  resin  matrix  materials. 

Methods  which  should  be  investigated  in  the  future  include  holography  and  stiess 
wave  acoustic  emission.  Vibrational  methods,  particularly  those  which  can  be  con¬ 
fined  to  small  areas,  may  also  prove  useful. 

Whatever  the  methods  of  NDT  which  prove  most  effective,  data  analysis  and  data 
display  techniques  need  immediate  attention.  Computer  and  other  mechanical/elec- 
tronic  devices  should  be  integrated  with  NDT  test  and  inspection  equipment.  In  gener¬ 
al,  more  systems-oriented  approaches  to  NDT  will  be  required  for  the  advanced 
composites. 


27 


REFERENCES 


1.  From  a  prosentation  of  Mr,  Has  tings  at  AFML-Aeroppace  Corporation  Seminar 
on  NDT  Methods  for  Plastic  Materials  and  Structures,  El  Segundo,  California, 

13  April  1967. 

2.  G.  Martin,  and  J.  F.  Moore. ,  "Research  and  Development  of  Nondestruc¬ 
tive  Testing  Techniques  for  Composites, "  Technical  Report  AFML-TR-66-270, 

U.  S.  Air  Force  Contract  No.  AF33(615)-2865,  February  1867,  {»ge  9. 

3.  "Mcrowave  Nondestructive  Testing  of  Fibei^lass  Reinforced  Honeycomb  Panels, 
Report  on  Study  Performed  under  Convair  Division  of  General  Dynamics  Contract 
No.  46-06242  by  hRcrowave  Instruments  Co. 

4.  Private  communication  with  C.  R.  Pond,  The  Boeing  Company,  Seattle,  Wash¬ 
ington. 

5.  J.  L.  Kreuzer,  "Ultrasonic  HolograiAy  for  Nondestructive  Testing, "  Proceedings: 
1968  Symposium  on  the  NDT  of  Welds  and  Materials  Joining,  Los  Angeles,  Calif. 
11-13  March  1968. 

ACKNOWLEDGEMENT 

The  aiithors  credit  the  efforts  of  F.  F.  Jorrey  and  S.  Naber  who  pr^ared  the  metallur¬ 
gical  sections,  C.  N.  DeMund  who  assisted  in  the  video  analysis,  and  R.  Botsco  of 

Microwave  Instruments  Compai^  who  performed  the  microwave  analysis. 

\ 


